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ABSTRACT

For marine invertebrates which consist of non-contiguous local populations of sessile or
sedentary adults, several studies have shown that omission of a planktonic larval stage
leads to reduced gene flow and genetic divergence a m o n g local populations. However,
data on their o w n provide little indication of the extent to which the overall genetic
composition of local populations has been affected by genetic drift, site-specific natural
selection or a combination of both forces. This study used genetic, ecological and
experimental techniques to investigate the roles of gene flow, effective population size,
genetic drift and site-specific selection in the evolution of local populations of the direct
developing intertidal gastropod Bedeva hanleyi (Muricidae: Prosobranchia) on the east
coast of Australia. It was expected that if B. hanleyi had been influenced by genetic
drift, then multiple unlinked loci should reveal similar patterns of differentiation a m o n g
local populations. Likewise, it was expected that if site-specific selection had been
important, then the philopatric life-history of B. hanleyi should have allowed a high
degree of localised adaptation and/or intra-genomic coadaptation.

Confirmation that direct development results in low gene flow among local
populations was provided by a comparison of the genetic structure of Bedeva hanleyi
with that of another direct developing gastropod, the buccinid Cominella lineolata,
and, most crucially, that of the planktonically developing muricid Morula

marginabla.

Six allozyme loci were assayed in each species, and in each instance there w a s no
evidence of significant linkage disequilibrium. A s expected, along the same 180 k m
stretch of the south-east coast of Australia (latitudes 34° 38' - 36° 14' S), both B.
hanleyi and C. lineolata exhibited substantially higher levels of differentiation a m o n g
local populations, and significantly less variability within local populations relative to
M. marginabla. These findings imply that, under direct development, local populations
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evolve more or less independently of one another, whilst under planktonic
development there is regular long distance gene flow and mitigation of diversifying
forces.

Regardless of larval type, proportions of single-locus genotypes in each collection were
consistent with Hardy-Weinberg equilibrium. For Bedeva hanleyi and Cominella
lineolata this implies that there has been no close inbreeding despite the fact that the
life history of both of these species would appear to promote highly philopatric
dispersal. For Morula marginabla, the observation of Hardy-Weinberg equilibrium
conditions within local populations is consistent with recruitment from a planktonic
gene pool which combines the products of discrete but undifferentiated adult breeding
populations.

Two analyses revealed that drift is a major factor underlying the high levels of genetic

subdivision in Bedeva hanleyi. Firstly, for several unlinked loci, the level of subdivisi
in the region north of 33° S, where the major nearshore current (the East Australian
Current (EAC)) flows parallel to the shore, was less than that detected south of 33° S,
where currents flows in a predominantly offshore direction. Differences in the level of
subdivision between regions were interpreted as indicating that, in the northern region,
the EAC provides greater opportunity for gene flow via rafted dispersal, and therefore

less opportunity for genetic drift. The second finding implicating the action of drift wa

that, again for several unlinked loci, northern populations exhibited a strong pattern of
isolation by distance (sensu Wright 1943), whilst amongst southern populations, there
was no correlation whatsoever between divergence and distance of separation. The
significance of this finding lies with two facts; (1) isolation by distance occurs as a
result of equilibration between genetic drift and stepping-stone gene flow (sensu Kimura
& Weiss 1964), and (2), the rate at which gene flow and drift approach equilibrium is
inversely related to the strength of gene flow. That the stepping-stone model should
apply to B. hanleyi was predicted a priori on the basis of its philopatric life history.
V

Direct estimates of effective population size (Ne) for two populations that were typical
of those sampled for the allozyme survey (NQ A 400 to 1200) imply that populations are
currently experiencing only low to negligible genetic drift. If the conclusion that strong
drift is the primary cause of the high level of subdivision seen in Bedeva hanleyi is
correct, then this latter finding implies that current NQ must be substantially higher that
evolutionary NQ (the estimate of NQ which takes in to account all historical fluctuations
in population size). Historical phenomena which m a y have served to depress
evolutionary NQ relative to current NQ in B. hanleyi include population crashes which
leave only a few survivors, and/or local extinctions followed by founder events
involving only a small number of individuals. Even short periods of small population
size have a significant effect on evolutionary N& because they result in large random
fluctuations in allele frequencies, the consequences of which m a y persist for m a n y
generations.

Whilst the loci that were assayed in Bedeva hanleyi appeared to have been primarily
influenced by genetic drift, reciprocal transplantation of adults and intra-capsular
embryos implied that other loci had been affected by site-specific natural selection. At
the conclusion of the reciprocal transplant experiment using adults it w a s found that in a
majority of cases, the recapture rate of local adults was higher than that of foreigners,
and, locals exhibited the greatest m e a n

growth in shell length. Reciprocal

transplantation of egg capsules revealed that local egg capsules typically exhibited the
highest percentage hatching success, and the lowest incidence of egg wastage (eggs that
neither developed nor were consumed as nurse eggs) at all transplant locations.
Binomial probabilities indicated that it was highly unlikely that these outcomes could
eventuated through chance alone.

The transplantation of intra-capsular embryos provide the strongest evidence that fitness
differences are the result of localised adaptation. Adults had had direct experience of
their native habitat before reciprocal transplantation, and as such it is possible that the
vi

superior performance of local adults is attributable to prior acclimation and not localised
adaptation. In addition to providing strong evidence of local adaptation in Bedeva
hanleyi, this study was the first marine study to simultaneously investigate the sitespecific fitness of two different life history stages of the same species.

The conclusion that Bedeva hanleyi exhibits localised adaptation is also consistent with
the earlier conclusion that local populations are currently sufficiently large that random
drift has little effect on allele frequencies. Within a population, the immediate effects of
strong genetic drift would be to inhibit localised adaptation, firstly by eroding variability
upon which selection could act, and secondly by preventing the effects of site-specific
selection from accumulating in a deterministic manner.

Since the conditions that permit adaptation to site-specific external conditions also
facilitate intra-genomic coadaptation within local populations, it was predicted that the
fitness of Fi progeny arising from matings between Bedeva hanleyi from the same
population should typically be higher than that of similar progeny resulting from
matings between individuals from different populations. If localised coadaptation has
occurred in a species, matings between individuals from genetically divergent local
populations should typically result in outbreeding depression due to the disruption of
coadapted gene complexes. It had been intended that a test of the intragenomic
coadaptation hypothesis would be provided by a mating experiment using adults
collected from the same local populations as those used in the investigation of localised
adaptation. Unfortunately, this experiment failed because m a n y individuals died during
the holding period intended to allow females to divest themselves of store sperm.

A number of evolutionary theories predict that the particular combination of population
structure and evolutionary history that appears to characterise Bedeva

hanleyi (i.e.

genetic subdivision combined with temporal changes in the relative importance of drift
and selection) is one which should permit the most rapid range-wide adaptive advance.
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The two best k n o w n examples of this type of theory are the shifting balance theory
(Wright 1931) and the founder effect speciation theory (Mayr 1942). Both theories rely
on the fact that random drift is the only means by which a population can undergo the
transition from a genotype of low fitness to one of higher fitness under circumstances
where intermediate genotypes are less fit than either the antecedent or the novel
genotype. In the shifting balance theory, universally adaptive gene combinations emerge
by chance in a small isolated population, and are then spread range-wide by selection,
enhanced local productivity and increased rates of emigration. Firstly in the local
population where the genotype emerged, and subsequently in all local populations that
received the genotype via immigration. In the founder effect speciation model, a few
individuals found a new population and the stochastic transition to a higher adaptive
peak is accompanied by reproductive isolation from other populations. With regards to
Bedeva hanleyi, this thesis argues that, with or without speciation, the spread of novel
genotypes of potentially range-wide adaptive value is likely to be constrained by the
necessity for novel immigrant genotypes to compete with large numbers of resident
genotypes that are highly locally adapted. However, it is also argued that if B. hanleyi
has experienced a moderately high rate of local extinction and recolonistation, adaptive
synergy between drift and selection may have allowed many populations to shift to a
higher locally adaptive peak than that which could have been attained under isolation,
site-specific selection and consistently large population size.
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CHAPTER 1
GENERAL INTRODUCTION

The distance that individual organisms m o v e between the location at which they were
conceived and the point of conception of their offspring is a major determinant of the
underlying population structure of a species, its system of mating and its likely
evolutionary fate (Wright 1931, Mayr 1942, 1954, Carson 1959, Williams 1975, Endler

1977, Templeton 1980, Shields 1982, Slatkin 1985). If the dispersal distance is regularl
less than the geographic range, the species will come to consist of an array of smaller

and partially isolated local populations. The geographic extent of each local populatio
(the 'neighbourhood area'; sensu Wright 1946) is determined by the routine dispersal
distance, whilst extraordinary dispersal events are responsible for connections among
local populations (i.e. gene flow). If there are only low levels of gene flow, local
populations may evolve more or less independently of one another under genetic drift
and/or site-specific natural selection, resulting in increased divergence among local

populations at the expense of variability within local populations (Wright 1978, Slatki
1985).

For species of marine invertebrate that consist of numerous local populations of sessil
or sedentary adults, the potential for gene flow is strongly influenced by the mode of
larval development (Scheltema 1975; Crisp 1978, Newell 1979, Hedgecock 1986,
Jablonski 1986, Knowlton & Jackson 1993). The greatest potential for gene flow is
provided by a larval stage with a long period of planktonic development. Planktonic
larvae have limited locomotory powers and are small (typically < 2 mm), consequently
they may be passively dispersed over long distances by ocean currents. Under
planktonic development local populations are presumed to be strongly interconnected
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('open') and thus genetically homogenous as emergent differences are prevented from

accumulating. At the other extreme, philopatric dispersal (i.e. dispersal to the natal
is expected in marine invertebrates that forgo a free larval stage in favour of direct
development in either benthic egg masses or parental brood pouches (Jackson 1986).
Philopatry may also occur where specific behaviours limit the dispersal of free larval
stages (Burton & Feldman 1982). Such behaviours include short distance demersal
swimming, as in the brooded tadpole larvae of a number of ascidians (e.g. Olson 1985,
Grosberg 1987, Davis & Butler 1989), or crawling as in the brooded planula larvae of
certain corals (e.g. Ostarello 1976, Gerrodette 1981). An additional reason why
planktonic development is associated with higher levels of long distance gene flow is

that, because parental investment per offspring is typically less than under intra-cap
or brooded development, planktonic larvae are typically produced in much larger
numbers, particularly if larvae are capable of planktotrophy (Thorson 1950, Shields

1982). In the absence of a planktonic larval stage haphazard rafting of small numbers o

individuals is likely to provide the only means of gene flow among non-contiguous local
populations (Highsmith 1985, Jokiel 1990, Martel & Chia 1991b).

Techniques for resolving protein and DNA variation (see reviews in Hillis & Moritz
1990, Avise 1994) have been widely used to investigate the genetic consequences of
different modes of larval development in benthic marine invertebrates. Results have

generally confirmed the expectation that, over comparable spatial scales, species that

lack a dispersive larval stage exhibit higher levels of geographic differentiation tha
those that do (Burton & Feldman 1982). Furthermore, this pattern has proved consistent
across a broad range of taxa, including cnidarians (e.g. Stoddart 1984, Hunt & Ayre
1989, Ayre et al. 1991, Hellberg 1994), echinoderms (e.g. Palumbi & Wilson 1990,
Palumbi & Kessing 1991, Benzie 1992, McMillan et al. 1992, Hunt 1993b), crustaceans
(e.g. Mulley & Latter 1981, Salini 1987, Benzie et al. 1992, Duffy 1993), and molluscs
(e.g. Berger 1973, Ward 1990, Johnson & Black 1991, Liu et al. 1991, Grant & Lang
1991, Brown 1991). However, where genetic subdivision has been observed in allozyme
2

and D N A studies, the data on their o w n provide little indication of the extent to which
the overall adaptive state of local populations has been influenced by genetic drift, sitespecific selection, or a combination of both forces. The ultimate evolutionary fate of a
subdivided species should be contingent on the roles played by drift and site-specific
selection in shaping the genetic composition of local populations (Carson 1959, M a y r
1942, 1954, Shields 1982, Templeton 1980, Wright 1931, 1988).

In an isolated population (i.e one that receives no genetically effective immigrants) th
magnitude of random drift in gene frequencies is solely determined by the effective
number of individuals that are contributing genes to the next generation (Ne) (Nunney &
Campbell 1993). Effective population size is formally defined as the number of
randomly mating individuals in an idealised population that would produce the same
opportunity for drift (or random inbreeding) as any real population with census size (/V)
(Crow & Kimura 1970). In most natural populations the effective population number is
less than the census number because of factors such as biased sex ratios, temporal
fluctuations in abundance, variation in individual productivity and overlapping
generations (Wright 1969). In general terms, drift is only significant in populations with
a 'small' Ne. In this context 'small' is considered to be any number less than 1000. Below
this population size, the correlation between randomly uniting gametes is high, the rate
of loss of heterozygosity is moderate to large (H2Nt per generation), and it is unlikely
that mutation can replenish variability lost through drift as is expected in populations
larger than 10 000 (Shields 1993). The basis for the latter expectation is the fact that 10
000 is the inverse of the conservative upper estimate of the per-locus per-generation
mutation rate for large eukaryotes (10-4) (Dobzhansky et al. 1977). Philopatric dispersal
reduces Ne because it limits the geographic extent of the population. Shields (1982) and
Crawford (1984) cite a total of 32 studies which report estimates of Ne for natural
populations. These studies cover organisms as diverse as terrestrial plants, and
invertebrate and vertebrate animals. O f the 32 studies, 28 reported NQ values less than
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1000, and 14 reported Ne values greater than 1000. This implies that some degree of
drift and random inbreeding is probably a c o m m o n feature of m a n y natural populations.

If local populations are only partially isolated, the potential for divergence under ge
drift is determined first and foremost by the 'strength' of gene flow, Nem (the product of
effective population size (Ne) and the rate of migration (m)), and secondly by the spatial
pattern of genetic exchange; i.e the average distance separating source and recipient
populations (Wright 1943, Kimura & Weiss 1964, Slatkin 1985). Our understanding of
the effect of these factors on the level of divergence produced by genetic drift has c o m e
primarily from idealised population models. The most contrasting of these models are
Kimura & Weiss's (1964) 'stepping-stone' model, which represents the extreme in
restricted dispersal (migrants only exchanged between adjacent local populations), and
Wright's (1943) 'island' model which represents the extreme in long-distance dispersal
(migrants exchanged without geographic bias). Apart from a difference in the pattern of
genetic exchange, the two models are similar in that they both assume that NQ is a
constant, that alleles are selectively neutral and that local populations are random
mating. Both island and stepping-stone models m a y exist in either one- or twodimensional formulations. A general finding to emerge from both island and steppingstone models (in both 1 & 2 dimensions) is that the equilibrium level of divergence
caused by drift increases is inversely proportional to the strength of gene flow.
Consequently, variation in gene flow has proportionately greater effect on the extent of
genetic drift towards the low end of the migration scale. For instance, in a twodimensional island model the potential for drift increases abruptly as Nem falls below 5
immigrants per generation. W h e n Nem <l, some local populations should become fixed
for alternate neutral alleles (Wright 1943). A second general finding of these models is
that, under the same average level of gene flow, local populations arranged in onedimension become more differentiated than those arranged in a two-dimensions. There
is however a group of related findings that are unique to stepping-stone models. These
finding are all based on the assumption that, because migrants are only exchanged
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between adjacent populations, distant local populations experience somewhat less than
the average level of gene flow. The primary consequence of this is that stepping-stone
populations undergo greater divergence than would be the case if the strength of gene
flow was unbiased spatially (as in the island model) (Crow & Aoki 1984). Subsequent
to this, for a stepping-stone model, the average level of gene flow required to prevent
neutral divergence to the point of fixation is higher than that required in a comparable
island model. Also, stepping-stone gene flow eventually results in a pattern of
differentiation in which neighbouring populations show the closest genetic resemblance,
and divergence correlates positively with the distance between populations (Wright
1943, Kimura & Weiss 1964). Both Wright (1943) and Kimura & Weiss (1964) refer to

this effect as 'isolation by distance'. Under philopatric dispersal 'isolation by distan
will also emerge in populations that are continuously distributed (Wright's (1943)
'continuum model').

Marine invertebrates with non-contiguous adult populations and no planktonic larval
stage may possess underlying population structures that most closely resemble the
stepping-stone model. Evidence of this comes from a limited number of studies, which

have been able to detect 'isolation by distance' patterns of differentiation at multiple
amongst which there is no significant linkage disequilibrium. Whilst the number of
studies is limited, they cover species as diverse as sub-tidal solitary corals (Hellberg
1994) and intertidal starfish (Hunt 1993b), gastropods (Grant & Utter 1988, Johnson &
Black 1995) and copepods (Burton & Lee 1994).

In addition to promoting drift by restricting the geographic extent, or neighbourhood

area, of local populations, a philopatric life history will also facilitate drift by inc

the likelihood of founder effects (Slatkin 1985, 1987). In the absence of a dispersive li

history stage, new local populations are likely to be colonised by only a small number of
individuals. For instance in the case of direct developing marine invertebrates, this
might occur via the rafted dispersal of either a single gravid female, or an egg capsule
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containing a small number of embryos. The effect of such a founding event is a 'genetic

bottleneck'. This term is used to describe the restriction of genetic variability that oc
when a population is founded by only a small number of individuals. The effects of a
genetic bottleneck can persist for many generations (Nei et al 1975, Chakroborty & Nei
1978, Slatkin 1985). In the absence of phenomenon that introduce new alleles to

populations, i.e. gene flow and mutation, a bottleneck would limit the level of variabili
present in all subsequent generations, regardless their population size, to no more than

that present in the founding generation. Founder effects are not dealt with explicitly in
either island or stepping-stone models.

When assessing whether genetic patterns conform to expectations for philopatry and

genetic drift, it is important that conclusions are based on data for multiple independen
(unlinked) loci (Slatkin 1985, Hedgecock 1986, Avise 1994). Failure to do so may lead
to incorrect conclusions regarding the genetic inter-relationships of populations as it
may not be possible to determine whether spatial patterns result from genetic drift or
natural selection. Whilst genetic drift should theoretically produce similar levels of
variance among populations at all neutral loci, patterns of differentiation produced by
natural selection will tend to be unique to individual loci (or groups of loci that are
tightly linked) (Cavalli-Sforza 1966, Slatkin 1985). Accordingly, when a number of
independent loci are surveyed the effects of natural selection should be visible as
heterogeneity across loci in the variances of allele frequencies among local populations
(Lewontin & Krakauer 1973). For single loci, geographic heterogeneity could indicate
diversifying selection and not restricted gene flow, and clinal patterns could reflect

selection along environmental gradients and not 'isolation by distance'. Furthermore, the
observance of homogeneity of allele frequencies at a single locus could lead to the

erroneous conclusion there are high levels of gene flow when in actual fact the locus has
been subject to stabilising selection. Diversifying selection (e.g. Milkman et al. 1972,
Koehn & Mitton 1972, Koehn et al 1973, Burton & Feldman 1981), clinal selection
(e.g. Corbin 1977, Thiessen 1978, Koehn et al 1980, Hoffman 1981) and stabilising

6

selection (e.g. Buroker 1983) have all been documented for genetic markers used in the
study of marine populations. Having said all that, it has been argued that the Lewontinkrakauer test seriously underestimates the variance in gene frequencies expected under

neutral theory because it assumes that all sets of populations are at equilibrium between
gene flow and genetic drift (Nei & Maruyama 1975). Nevertheless, it remains true that

different loci within a species can some times paint vey different pictures of population
structure and gene flow when interpreted under models of selective neutrality (Avise
1994).

Implicit in the prediction that philopatry should be associated with relatively strong dr
and high levels of genetic subdivision is the assumption that local populations have
been demographically stable for a sufficient number of generations that gene flow and
genetic drift are at equilibrium (Wright 1943, Kimura & Weiss 1964, Slatkin 1985).
Circumstances that may cause disequilibrium conditions include rare or 'unusual' gene
flow events such as episodes of rapid range expansion, or the extinction and recolonisation of local populations (Slatkin 1985, Slatkin 1991). Following a major

demographic perturbation the rate of return to equilibrium is directly correlated with th
rate of genetically effective migration (m) (Crow & Aoki 1984). Equilibration between
gene flow and genetic drift will also affect the emergence of 'isolation by distance'
(Wright 1943, Kimura & Weiss 1964, Slatkin & Maddison 1990, Slatkin 1991).
Because the rate of approach to equilibrium is positively correlated with the rate of
genetically effective migration (Crow & Aoki 1984), if neighbouring populations

exchange genes more frequently than distant populations, isolation by distance will first
become apparent over small spatial scales.

An analytical procedure for testing for equilibrium between gene flow and drift has
recently been developed (Slatkin & Maddison 1990, Slatkin 1991, 1993). However this
procedure is only applicable to species whose underlying population structure conforms
to the stepping stone model (Kimura & Weiss 1964), as it is based on the ability to test
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statistically for spatial genetic patterns consistent with 'isolation by distance'. Hellberg
(1994, 1995) applied this method to genetic data for the philopatric solitary coral
Balanophyllia elegans in the eastern Pacific and found that the expected genetic
correlation with distance was strong at spatial scales of 1 to 50 k m , but absent at larger
spatial scales (40 to 3000 k m ) . H e interpreted these results as indicating that populations
separated by more than 50 k m are still equilibrating under stepping-stone gene flow and
genetic drift.

It is important to realise that even if it can be demonstrated with surety that a particula
subset of loci has been influenced by genetic drift, this will not necessarily imply that
site-specific selection has had no effect on the overall adaptedness of local populations.
Even in the face of strong genetic drift, site-specific fitness could potentially be
determined by intense selection at other loci. In some cases site-specific fitness m a y be
strongly influenced by only a single locus, as in the peppered moth Biston betularia
(Clarke & Shepherd 1966). In B. betularia, site-specific fitness is strongly influenced by
the locus which controls wing colour, and hence visibility to avian predators. However,
having highlighted the principle that local populations can experience both strong drift
and strong natural selection, it is important to appreciate that this is likely to be rare in
nature because the strength of selection (s) required to produce a particular outcome
increases in proportion to the strength of genetic drift. Only w h e n the quantity Nes is
somewhat greater than one do the effects of natural selection appear to be wholly
deterministic (Nunney & Campbell 1993). In large populations (i.e. iVe > 1000) the
stochastic effects of genetic drift m a y be so slight that even w e a k selection pressures
m a y primarily determine allele frequencies (Crawford 1984). In m u c h the same w a y as
gene flow limits divergence under genetic drift, gene flow will also limit the action of
natural selection. If an allele is favoured in a population by selection of strength s, then
immigration of other alleles at a rate m would not prevent a high frequency of the
favoured allele unless, roughly, m>s (Slatkin 1985).
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Detailed investigations of the action of selection at single loci are often conducted after
a strong correlation has observed between the frequency of a gene and the level of some
particular environmental variable (i.e. salinity, temperature etc.). Having observed such
a correlation, the subsequent aim is to demonstrate a causal link between gene frequency
and the level of the environmental variable. Studies of this nature have been carried out
for only a small number of loci in a similarly small number of species. For marine
invertebrates, classic studies of the action of natural selection at individual loci are those
of K o e h n et al, (1980) and Hilbish & Koehn (1985) for the bivalve Mytilus edulis, and
that of Burton & Feldman (1983) for the intertidal copepod Tigriopus californicus. For
both species the environmental variable was salinity. In M. edulis, a link was established
between geographic variation in salinity and allele frequencies at the leucine aminopeptidase (Lap) locus. In T. californicus, the link was between glutamate-pyruvate
transaminase (Gpt) genotype and tolerance to hyper-osmotic stress.

Whilst studies of the action of selection at individual loci permit better understanding o
the patterns of differentiation observed at those loci, it is unlikely, unless selection is
intense, that they will reveal m u c h about the overall site-specific fitness of individuals.
The types of study required in this latter context are experimental tests of the sitespecific fitness of immigrants. T h e advantage of such experiments is that they provide a
means of measuring the strength of diversifying selection without the necessity of
knowing a priori which loci and environmental variables are involved. Underlying the
use of experiments that test the fitness of immigrants is the prediction that, by
promoting inbreeding, philopatry should also promote local retention of the products of
site specific selection. If Ne is sufficiently large that there are adequate stocks of
heritable fitness variation, the combination of philopatry and site-specific selection
should result in populations containing individuals that are highly adapted to local
conditions (Shields 1982).
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A s a consequence of local adaptation the fitness of immigrants (e.g. growth, survival
fecundity etc.) to any site should typically be lower than the fitness of natives. Under
philopatry, local adaptation should be most readily detectable in species occupying
environments that are spatially heterogenous but temporally predictable. Tests of the
localised adaptation hypothesis in marine systems have involved experiments in which
adults (e.g. Ayre 1985, 1995, Behrens Yamada 1989) and recent recruits (e.g. Bertness
& Gaines 1993) have been reciprocally transplanted within and among a number of

local populations. Findings indicate that the relative site-specific fitnesses of local an
foreign individuals varies both among species, according to their relative dispersal
capabilities (e.g. Behrens Yamada's (1989) comparison of the littorinids L. Saxatilis and
L. scutulata), and within species, according to the relative isolation of different local
populations (e.g Bertness & Gaines' (1993) study of the barnacle Balanus balanoides).
The relative fitnesses of local and foreign individuals may also vary intra-specifically
according to the scale of transplantation (e.g. Ayre's (1985, 1995) studies of the sea
anemone Actinia tenebrosa). Although one criticism of these studies has been that,
without additional information on the fitness of the progeny of transplanted individuals,
it is difficult to assess the relative contributions to site-specific fitness of local
adaptation and prior acclimation (Ayre 1985).

In addition to promoting adaptation to local external conditions, philopatry and
inbreeding should also facilitate coadaptation of the local gene pool, i.e. the evolution
and maintenance of harmonious intra-genomic (epistatic) allelic associations (Shields
1982, Partridge 1983). Whilst localised adaptation requires persistent differences in
external conditions among sites, local coadaptation requires persistent genetic
differences among sites. Moreover, it is not important how these differences are
produced. They may arise as a result of low gene flow and genetic drift, selection with
respect to site-specific external conditions, or a combination of the two. Once genetic
differences among populations are entrenched, the process of local coadaptation should
be self facilitating (Burton 1987). Whenever new alleles are introduced to a population,
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through either mutation or matings with immigrants, their successful incorporation
becomes contingent on favourable interaction with genes already present (Burton 1987).

Underlying experimental attempts at testing for localised coadaptation in normally
inbred species has been the expectation that successful matings between individuals
from genetically divergent local populations should result in outbreeding depression due
to the disruption of local coadaptations (Wallace 1968, Price & Waser 1979, Shields
1982, Lynch 1991, Knowlton & Jackson 1993). A n associated expectation is that
outbreeding depression should be greatest in the F2 generation, as recombination during
Fi gametogenesis substantially increases the level of disruption to both parental
genomes (Wallace 1968, Shields 1982). In order to test this prediction experimentally,
matings should be conducted under uniform (typically laboratory) conditions to
eliminate effects due to the loss or dilution of alleles that confer high fitness with
respect to site-specific external conditions. T o date, experiments of this type have been
conducted for only two species of philopatric marine invertebrate, the harpacticoid
copepod Tigriopus californicus (Burton 1986, 1987, 1990, B r o w n 1991) and the
colonial ascidian Botryllus schlosseri (Grosberg 1987). Findings for both species are
consistent with outbreeding depression having occurred, and, in the case of T.
californicus, with it being greatest in F2 progeny.

Shields (1982) proposed that in certain circumstances, localised coadaptation may not
only be a consequence of philopatry, but could also underlie its evolution as a life
history tactic. The basic tenet of Shield's hypothesis is that, for low fecundity species
occupying niches that are spatially heterogenous but temporally predictable, the benefits
of local coadaptation should be sufficient to promote the evolution of structural and/or
behavioural mechanisms that function to promote inbreeding by limiting the spread of
offspring.
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In Australia, one species of marine invertebrate that would appear to be highly
philopatric is the estuarine gastropod Bedeva hanleyi (Angas) (muricidae:
prosobranchia). Despite possessing a geographic range that encompasses all but the
northern coastline of Australia, B. hanleyi appears to have little or no capability for
widespread dispersal, as all embryos undergo direct development in benthic egg
capsules and emerge as crawling juveniles (Shepherd & Thomas 1989). On the basis of
the preceding review of the predicted evolutionary consequences of philopatry B.

hanleyi could potentially exhibit (1) high levels of genetic subdivision relative to sim
species with planktonic larval development, (2) spatial genetic patterns consistent with
'isolation by distance', and/or (3) localised adaptation, and (4) outbreeding depression
a consequence of matings between individuals from different local populations. The aim

of this study is to test these predictions for B. hanleyi using genetic and ecological d
for a number of local populations. This study is primarily concerned with local
populations on the east coast of Australia between latitudes 28 and 38° south (i.e. the
coasts of far southern Queensland and the entire coast of New South Wales). Limited
genetic data were also available for local populations in South and West Australia
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CHAPTER 2

EFFECTS OF CONTRASTING MODES OF LARVAL
DEVELOPMENT ON THE GENETIC STRUCTURES OF
POPULATIONS OF THREE SPECIES OF PROSOBRANCH
GASTROPOD.

2.1

INTRODUCTION

As a taxon, prosobranch gastropods exhibit a broad range of larval life histories
(Fretter & Graham 1962, Strathmann 1987), and as such are ideally suited to
comparative studies of the effects of contrasting modes of larval development on
genetic population structure within a given geographic region. O n the south-east coast
of Australia, three prosobranch gastropods with contrasting developmental modes are
the muricids Morula marginabla (Blainville), Cominella lineolata (Lamarck) and
Bedeva hanleyi (Angas). Morula marginabla (Muricidae) produces larvae that emerge
from benthic capsules as planktotrophic veligers (Anderson 1966). Cominella lineolata
(Buccinidae) and Bedeva hanleyi (Muricidae) also lay benthic egg capsules, but larvae
of these species spend the entire period of their development within the capsule to
emerge directly as crawling juveniles (Anderson 1960, 1966). Adults of the three
gastropod species attain similar size.

This chapter uses allozyme electrophoresis to investigate the genetic population
structures of Morula marginabla, Cominella lineolata and Bedeva hanleyi over -180
k m of the coast of south-eastern Australia. It is predicted that the offspring of M.
marginabla typically disperse over greater distances and in greater numbers than those
13

of either C. lineolata or B. hanleyi, and, that inter-specific differences in dispersal
capability should be reflected in the geographic distribution of genetic variation.

2.2 MATERIALS AND METHODS

2.2.1 Natural History of Gastropods

Whilst the three gastropod species selected for this investigation have ranges that
overlap on the south-east coast of Australia, their fine-scale distributions are only
partially sympatric.

Morula marginabla is abundant and continuously distributed on rocky substrata in
moderately exposed to sheltered environments, where it is a predator of barnacles,

bivalves and serpulid polychaetes. Its distribution on the shore lies between the level
of mean high water neap (MHWN) and mean low water spring (MLWS) tides.
Greatest densities occur in the mid-intertidal or barnacle zone (Moran 1985). The
spawn of M. marginabla consists of around 20 capsules, each containing between 100
and 200 eggs, approximately 220 um in diameter (Underwood 1974). After 4-5 weeks,
larvae emerge as planktotrophic veligers with shell lengths of approximately 300 pm
(Anderson 1966).

Like Morula marginabla, Cominella lineolata may be found on both exposed and
sheltered shores. However it occurs at much lower densities and is more patchily
distributed. It has a broad zonal distribution extending from the level of MHWN tides
into the shallow sub-tidal. C. lineolata is most often found in protected pools or
crevices that trap the algal detritus upon which it feeds. Individuals often form large
spawning aggregations in which several hundred capsules are layed in close proximity.
Individual capsules contain 6-14 eggs, each 300 um in diameter. All develop although
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some m a y feed on others. Offspring emerge as crawling juveniles with shell lengths of
approximately 400 um (Shepherd & Thomas 1989).

Bedeva hanleyi is most frequently encountered in estuaries on hard substrata, but is

occasionally encountered on the open coast. It is a generalist predator of other shell

molluscs and prefers protected micro-habitats such as the undersurface of boulders, or

the interstices of mussel and oyster aggregations. Greatest densities of B. hanleyi o
between the levels of mean low water neap and MLWS tides. The spawn of B. hanleyi
consist of 10 to 20 capsules, each containing between 20 and 100 eggs with diameters
of approximately 250 um. Only 10-15% of the eggs in each capsule are viable, the

remainder serving as food for those that develop. After 4 to 5 weeks crawling juvenil
emerge with shell lengths of approximately 900 pm (Anderson 1966).

2.2.2 Collection and Storage of Specimens

In order to investigate the genetic population structures of the three gastropod speci

45 individuals of each species were collected from each of 8-9 sites (Figure 2.1). Sn
were sampled randomly within populations. All sampled populations of M. marginabla
and C. lineolata were from sites in which they co-occurred. Of the sites where M.

marginabla and C. lineolata were collected, four (Shoalhaven (SH), Sussex Inlet (SU),
Bendalong (BE) and Warden Head (WD)) were exposed headlands, and five (Bindijine
(BI), Callala (CA), Point Pleasure (PT), Observation Point (OB), and Narooma (NA))

were sheltered estuaries. Collections of B. hanleyi coincided with the other two spec

in only five instances. With one exception (Bendalong), collections of B. hanleyi were
made from sheltered locations. Adjacent populations were separated by between 1 and
58 km. Snails were transported live to the University of Wollongong. On dissection,
tissue was immediately frozen in liquid nitrogen then stored at -80°c pending
electrophoresis.
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Figure 2.1. Sampling locations along the south-east coast of Australia. Abbreviations
indicate which species were collected from each location: M.=Morula marginabla; C.=
Cominella lineolata; B.= Bedeva hanleyi. The three species were exactly sympatic at
only 4 of the 5 locations from which all were sampled. The exception was Shoalhaven,
where the sampling site f o r M marginabla and C. lineolata was -100 m removed from
that for B. hanleyi.

WOLLONGONG
Minnamurra- B.
Shoalhaven- M.C.B.
350sCallala- M.C.B.

JERVISBAY.j

Bindijine- M.C.
Huskisson- B.
Sussex In.- M.C.B.
Bendalong- M.C.B.
Warden Hd.- M.C.
Observation Pt.- M.C.B.
Pt. Pleasure- M.C.

Narooma- M.C.B.

N

36°S-

50 Km
151° E
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4

2.2.3

Electrophoresis

Foot tissue was macerated with ground glass in an equal volume of extractant buffer
(0.1% p-mercaptoethanol, 10% sucrose, 14% 0.1M Tris-HCl buffer (pH 8), plus the
dye bromophenol blue as required). Electrophoresis was carried out on horizontal
starch gels (12% weight/volume). Electrophoretic buffers were those used by Selander
et al. (1971). Allozyme bands were visualised using modifications of the methods of
Harris & Hopkinson (1976).

A preliminary survey of 27 enzymes under a variety of running conditions yielded 6
variable and resolvable enzyme loci for each species (Table 2.1). For each locus,
alleles were characterised by their mobility relative to the most common allele. For
each of the three species the minimum number of alleles per locus was 2. Maximum
numbers of alleles per locus ranged from 5 for Morula marginabla (Table 2.2) and
Bedeva hanleyi (Table 2.4), up to 8 for Cominella lineolata (Table 2.3). Where enzyme
systems were comprised of more than one locus, loci were numbered in order of
decreasing mobility.

2.2.4 Analyses

2.2.4.1 Tests of Linkage

An important assumption underlying the interpretation of multi-locus genetic data is
that each locus provides an independent assessment of genetic variability within and

among populations. By way of an attempt to test the validity of this assumption prior to

investigation of genetic population structure, an analysis of linkage disequilibrium wa
performed on genetic data obtained from each of the three species using Hill's (1974)
di-allelic method. This analysis calculates an overall linkage measure, sigma (a), the
significance of which is tested by %2-analysis. Di-allelic analysis tests for linkage
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Table 2.1. Polymorphic enzymes assayed by electrophoresis, loci scored, and running

buffers for each of three gastropod species sampled on the south-east coast of Australi

Quarternary

Species
Enzyme

E C number

structure

Buffer

La-1

Monomer

La-2

Monomer

Lgg-1

Monomer

TEB
TEB
TEB

Lgg-2

Monomer
Monomer

Locus

Morula marginabla
L-leucyl-L-alanine peptidase
L-leucyl-L-glycylglycine

E C 3.4.1.3
E C 3.4.13

peptidase

Mannose phosphate isomerase

E C 5.3.1.8

Nucleoside phosphorylase

E C 2.4.2.1

Mpi
Np

E C 3.4.1.3

Lt-1

Monomer

Lt-2

Monomer

Lt-3

Monomer
Monomer

Trimer

TEB
TC-8
TC-8

Cominella lineolata
L-leucyl-L-tyrosine peptidase

Mannose phosphate isomerase

E C 5.3.1.8

Nucleoside phosphorylase

E C 2.4.2.1

Mpi
Np

Phosphoglucomutase

E C 5.4.2.2

Pgm-1

Monomer

E C 3.4.1.3

Lt-1

Dimer

Lt-2

Monomer

Trimer

TEB
TEB
TEB
TM
TEB
TM

Bedeva hanleyi
L-leucyl-L-tyrosine peptidase

Octopine dehydrogenase

E C 1.5.1.11

Oct

Monomer

Phosphoglucomutase

E C 5.4.2.2

Pgm-1

Monomer

Pgm-2

Monomer

Sod-2

Dimer

Superoxide dismutase

E C 1.15.11
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TEB
TEB
TEB
TM
TM
TEB

Table 2.2. Allele frequencies for six enzyme encoding loci in each of nine collections
of Morula marginabla from south-east Australia. Populations are numbered in order of
occurrence from north to south. N = 45 in all collections. Alleles are characterised by
their mobility relative to the most common allele at each locus. -: allele absent.

Local population

Locus

SH

Allele

BI

CA

SU
3

BE

1

2

4

0.011
0.033
0.611
0.300
0.044

0.022
0.089
0.656
0.189
0.044

0.122
0.644
0.122
0.111

0.033
0.089
0.556
0.244
0.078

0.067
0.100
0.600
0.178
0.056

0.700
0.256
0.044

0.711
0.289
-

0.689
0.311

0.700
0.300

0.656
0.344

0.422
0.578

0.411
0.589

0.433
0.567

0.467
0.533

0.156
0.833
0.011

0.011
0.967
0.022

0.033
0.956
0.011

0.356
0.567
0.078

0.256
0.656
0.089

0.022
0.400
0.500
0.078

0.089
0.911

0.111
0.889

0.033
0.967

WD
5

PT
6

7

OB
8

NA
9

La-1
116
107
100
95
89

0.078
0.589
0.222
0.111

0.044
0.844
0.111

0.022
0.044
0.656
0.178
0.100

0.522
0.267
0.211

0.644
0.356

0.811
0.189

0.678
0.322

0.378
0.622

0.444
0.556

0.344
0.656

0.467
0.533

0.400
0.600

0.078
0.167
0.733
0.022

0.044
0.956

0.167
0.811
0.022

0.189
0.767
0.044

0.156
0.811
0.033

0.011
0.444
0.522
0.022

0.022
0.411
0.511
0.056

0.033
0.322
0.600
0.044

0.011
0.389
0.544
0.056

0.011
0.300
0.667
0.022

0.378
0.589
0.033

0.089
0.911

0.089
0.911

0.089
0.911

0.056
0.944

0.078
0.922

0.133
0.867

0.711
0.289

La-2
100
84
77

Lgg-1
113
100

Lgg-2
150
134
120
100
84

0.056
0.189
0.178
0.578

Mpi
175
133
100
75

Np
207
100
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Table 2.3. Allele frequencies for six enzyme encoding loci in each of nine collections

of Cominella lineolata from south-east Australia. Populations are numbered i

occurrence from north to south. N = 45 in all collections. Alleles are chara

their mobility relative to the most common allele at each locus. -: allele a

Local population
Locus
Allele

SH

BI

CA

SU

BE

WD

PT

OB

NA

1

2

3

4

5

6

7

8

9

-

0.022
0.978

-

-

-

-

-

-

1.0

1.0

1.0

0.011
0.989

1.0

1.0

1.0

0.256

0.956

0.833

0.011
0.478

0.133

0.489

-

-

-

0.744

0.044

0.167

0.511

0.867

0.511

1.0

1.0

1.0

-

-

-

-

-

-

-

-

1.0

1.0

0.011
0.989

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.500
0.500
-

0.500
0.500
-

0.356
0.467
0.178
-

0.089
0.267
0.433
0.211

0.067
0.356
0.578
-

0.089
0.356
0.200
0.356
-

0.044
0.956
-

0.611
0.389
-

0.011
0.989

-

0.067
0.933

0.011
0.989

0.011
0.989

-

-

-

1.0

1.0

1.0

1.0

0.978
0.022

Lt-1
122
110
100

1.0

Lt-2
124
117
100

-

Lt-3
127
100

Mpi
100
90
86
82
77
60
52
41

-

Np
136
100

-

1.0

Pgm-1
110
100
84
78

1.0
-

0.989
0.011
-

-

-

-

1.0

1.0

1.0

-

-

-
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-

-

-

1.0

1.0

1.0

-

-

-

Table 2.4. Allele frequencies for six enzyme encoding loci in each of eight collections

of Bedeva hanleyi from south-east Australia. Populations are numbered in orde

occurrence from north to south. N = 45 in all collections. Alleles are charac

their mobility relative to the most common allele at each locus. -: allele ab

Local population

Locus
Allele

MI
1

SH
2

CA

HU

SU

BE

OB

NA

3

4

5

6

7

8

1.0

1.0

1.0

0.844
0.156

La-1
100
81

0.922
0.078

1.0

1.0

0.944
0.056

0.078
0.167

0.100
0.233
0.333

0.089

0.111

0.367 0.533

0.033 0.544

0.756

0.333

0.544 0.356

0.967 0.178

1.0
-

0.967
0.033

0.933
0.067

0.978
0.022

1.0 1.0

1.0

1.0

1.0

1.0

0.889
0.111

0.956
0.044

1.0 1.0

1.0

1.0

1.0

1.0

0.967
0.033

0.911
0.089

1.0 1.0

1.0

0.989

0.022
0.544
0.433

0.011
0.489
0.500

0.833 1.0
0.167

0.844
0.156

0.889
0.111

La-2
185
158
141
122
100

0.278

0.089
0.244 0.367
0.389
0.367
0.544

Oct
100
76

Pgm-1
100
91

Pgm-2
110
100
80

0.011

Sod-2
108
100
79

0.689
0.311

0.744
0.256
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between pairs of loci using only the most c o m m o n allele, and group representing all the
other alleles at each locus. This analysis was used in preference to multi-allelic analysis
because for small sample sizes, it provides a more sensitive test of linkage. W h e n data
are available for only a small number of individuals, linkage measures between
combinations of rare alleles are typically of low significance, and if included in the
analysis m a y obscure significant linkage between more c o m m o n alleles (Brown 1975).
Using this test, no evidence of significant (P > 0.05) linkage disequilibrium was
detected for any collection of either of the three species. F r o m henceforth it is therefore
assumed that for each species, assayed loci are effectively unlinked.

2.2.4.2 Variation Within and Among Populations

For the six loci examined in each species, genetic variability within populations was
assessed in terms of the m e a n number of alleles per locus, the m e a n percentage of
variable loci ( 9 5 % criterion) and the m e a n level of expected heterozygosity H e.
Expected, rather than observed, heterozygosity was used in order to exclude possible
effects due to inbreeding and subdivision within populations (Nei 1978). The H e-value
for each local population was calculated according to the equation

He= 2 (1- I

2
Pi

)jlN,

where N is the number of loci, k is the number of alleles at the jih locus, and pi is the
frequency of the /th allele at the;th locus. O f the three measures employed, only H

e

is

relatively free of sample size effects (Gillespie 1991).

Wright's (1978) F-statistics were used to investigate the extent of genetic subdivision
a m o n g populations. The Fixation index, F, is a measure of the departure of singlelocus genotype proportions in each collection, from those expected under Hardy-
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Weinberg equilibrium. F m a y range in value from +1 to -1; positive values indicating a
deficit of heterozygous genotypes, and negative values an excess. The standardised
genetic variance, F S T ,

expresses the amount

of variation

detected

among

subpopulations as a fraction of that which would be expected if the same set of genetic
markers were randomly distributed (i.e. as under panmixia). Values of F $ T m a y lie
between 0 and 1; a value of zero indicating that there is no heterogeneity of allele
frequencies among populations. W h e n differentiation is due only to the interaction
between gene flow and genetic drift, values of F-statistics should be similar for all
variable loci.

In the present study, estimators of Wright's (1978) Fis and FST (/"and 9 respectively
were calculated according to Weir & Cockerham (1984). For studies of natural
populations, Weir & Cockerham's (1984) method is preferable to that of Wright
(1978), as it is deemed to be less biased by factors such as small numbers of local
populations and small, or unequal sample sizes. Values of/were calculated separately
for each locus in each sampled population according to the equation

(He. H0) + (UN) H0

f=
He+(llN)H0

(Weir 1990), where HE and Ho are the expected (HWE) and observed number of
heterozygous individuals respectively, and N is the total number of individuals
sampled. Single-locus and 6-locus weighted m e a n estimates of 0 were calculated using
the program F S T A T provided by J. Stoddart. Single-locus values of 9 were adjusted by
subtracting the binomial sampling variance for each allele. Averages across loci were
weighted according to the level of variation at each locus (i.e the most variable loci
made the greatest contribution to the mean value). Standard errors for weighted mean
0-values were calculated using the jackknife procedure.
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A statistical test of the null hypothesis / = 0, was carried out by %2-analysis. The test
statistic was calculated according to Li & Horowitz (1953) using the formula

X2 =fiN(k-l) and d.f. = k(k-l)l2,

where k is the number of alleles per locus, and N is the number of individuals sample
T o ensure validity of the tests, rare alleles were pooled with the next most c o m m o n
allele until all % 2 cells contained expected numbers > 4. For single-locus 0-values, the
null hypothesis 0 = 0 was also evaluated by %2-analysis (Workman & Niswander
1970):

X2 = 2NQ(k -1) and d.f. = (k -l)(s -1),

where s is the number of subpopulations sampled, and N and k are as described above.

To allow investigation of geographic pattern in the distribution of allele frequenci
Nei's (1978) unbiased m i n i m u m genetic distance, D, was calculated for each pairwise
combination of sampled populations using the program BIOSYS-1 of Swofford &
Selander (1981). Values of D m a y range between 1 and 0; a value of 0 indicating that
two populations are genetically identical. For each species, the results of this analysis
were summarised in the form of a dendrogram, constructed by BIOSYS-1, using the
U P G M A (Unweighted Pair Group Method of Analysis) algorithm of Sokal & Sneath
(1963).

2.2.4.3 Indirect Estimation of Gene Flow (Nem)

Estimates of the number of genetically effective migrants exchanged among
populations each generation, Nem, were calculated from 6-locus weighted m e a n 9values according to Wright (1978). Underlying this approach are the assumptions (1)
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that genes are selectively neutral and m o v e without geographic bias in two dimensions
(Wright's island Model), (2) that populations comprise the same effective number of
individuals (Ne), (3) that gene flow and drift are at equilibrium, and (4) that the
migration rate (ra) exceeds the rate of mutation (u). W h e n these assumptions are met,

gene flow (Nem) = (l-9)/40.

2.3 RESULTS

2.3.1 Genetic Variation Within Populations

Among the three gastropod species, differences in the level of genetic variability ass
within populations clearly paralleled differences in the m o d e of larval development
(Table 2.5). The mean number of alleles per locus for populations of the planktonically
dispersed Morula marginabla (2.9 ±0.1), was significantly greater than that for either of
the species that undergo direct development, Cominella lineolata (1.6 ± 0.1) and Bedeva
hanleyi (1.7 ± 0.1) (Kruskal-Wallace non-parametric A N O V A ; P < 0.001). In addition,
loci examined for M. marginabla were variable (i.e. frequency of the most c o m m o n
allele < 95 % ) in the greatest proportion of sampled populations (Kruskal-Wallace nonparametric A N O V A ; P < 0.001). The single lowest instance of variability recorded for a
population of M. marginabla (66.7%) was greater than or equal to the highest level
found in any population of either of the other two species. A s a consequence of higher
levels of genetic variability, the average level of expected heterozygosity (H e ) in
populations of M. marginabla was more than twice the m e a n level for collections of
both C. lineolata and B. hanleyi (Kruskal-Wallace non-parametric A N O V A ; P < 0.001).

Comparisons among data from exposed and sheltered locations for both Morula
marginabla and Cominella lineolata, revealed that, on average, the m e a n number of
alleles per locus, the proportion of variable loci and H
25

e

were higher for collections

Table 2.5. Three indices of allozyme diversity for populations (N = 8-9) of Morula
marginabla, Cominella lineolata and Bedeva hanleyi from the south-east coast of
Australia. Loci were deemed variable if the frequency of the most common allele did
not exceed 0.95. Values are means (±SE) across loci and populations. The statistical
significance of variation among species was assessed by Kruskal-Wallace nonparametric ANOVA. Means that are highlighted (f) were judged by multiple f-tests to
be not significantly different (P > 0.05).

Species

N_

M e a n no. alleles
per locus

% of variable
loci

Mean
expected
heterozygosity

M. marginabla 9 2.9(0.1) 92.6(5.2) 0.405(0.019)
C. lineolata

9

l.6(0.1)t

24.1 (5.2)t

0.120 (0.019)t

B. hanleyi

8

1.7 (0.1)t

41.7(5.6)t

0.168(0.020)1'

P < 0.0001 < 0.0001 < 0.0001
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from exposed locations (Table 2.6). However in no instance were differences between

exposed and sheltered locations statistically significant (t-test; P > 0.05).With very f
exceptions, single-locus genotype proportions in collections of each species were
consistent with expectations for Hardy-Weinberg equilibrium. Fifty two tests of the
significance of/-values for the 9 collections of M. marginabla (Table 2.7) revealed 3
collections with significant heterozygote deficits at the La-1 locus, 2 instances of
significant deficit at the La-2 locus and 1 at the locus Lgg-2. Of the 14 possible tests

carried out for C. lineolata (Table 2.8), 3 significant instances of heterozygote defici
were detected, all at the Lt-2 locus. No significant departures from Hardy-Weinberg
genotype proportions were detected for any locus in collections of B. hanleyi (Table
2.9).

The statistical significance of all departures from / = 0 in collections of Morula
marginabla and Cominella lineolata were then re-assessed after adjustment of cc-values
to correct for the number of simultaneous tests performed (sequential Bonferroni
procedure) (Hochberg 1988). As a result, it was judged that there were no significant
departures from/= 0 in any collection of M. marginabla, and only one for C. lineolata,
at the Lt-2 locus in the collection from Bendalong (P < 0.001).

2.3.2 Genetic Variation Among Populations

As predicted, collections of the planktonically dispersed Morula marginabla were much
more genetically homogenous than those of the direct developers, Cominella lineolata
and Bedeva hanleyi (Table 2.10). For M. marginabla, 0 values were significantly greater
than zero (%2; P < 0.05) for only 3 of the 6 loci studied (weighted mean 0 = 0.019). The
locus Lgg-2 showed the greatest variation among populations (0 = 0.072). One allele,
Lgg-2
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, was absent from 7 of the 9 populations sampled, but occurred at a relatively

high frequency (0.189) in the collection from Sussex Inlet. La-1 and La-2 were the only
other loci to reveal significant allelic heterogeneity among populations (9
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Table 2.6. The mean number of alleles per locus, the mean proportion of variable loci,

and mean levels of expected heterozygosity (H e) in collections of Morula marginab

and Cominella lineolata made from 4 exposed (E) and 5 sheltered (S) locations. In
cases differences due to the exposure of sampling locations were statistically
insignificant (t-test; P > 0.05).

Number of
alleles per locus
Species
M. marginabla Mean

SE
C. lineolata Mean

SE

% of variable
loci

M e a n expected
heterozygosity

E

S

E

S

E

S

2.9
0.1

2.8
0.1

96.7
5.3

87.5
5.9

0.43
0.01

0.38
0.01

1.7
0.1

1.4
0.1

30.0
6.2

16.7
6.9

0.15
0.03

0.09
0.03
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Table 2.7. Single locus estimates of the Fixation index (/) for each of 9 collections of
Morula marginabla from south-east Australia. Populations are numbered in order of
occurrence from north to south. Significance of departure from/ = 0 determined by %2analysis.

Local population

Locus
La-1

SH
1
0.375**

BI
2
0.195ns

CA
3
0.345*

SU

BE

4

5

0.063ns

0.285ns

WD
6

PT
8

7
0.135ns

0.317*

La-2 0.247ns 0.351* -.141ns 0.101ns 0.065ns 0.273ns 0.127ns 0.347* -.068ns
Lgg-1 -.093ns -.147ns -.222ns -.250ns -.134ns -.080ns 0.163ns 0.018ns -.lllns
Lgg-2 0.131ns -.027nt -.037ns 0.030ns 0.273ns -.047nt 0.079ns 0.110ns 0.299*
Mpi .179ns -.028ns -.219ns 0.268ns -.060ns -.167ns 0.110ns 0.187ns 0.127ns
Np -.098ns 0.100ns -.034ns -.098ns 0.177ns -.098ns -.059ns 0.225ns 0.038ns

** - P < 0.01; * - P < 0.05; ns - not significant; nt - no test
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OB

NA
9

0.022ns

0.198ns

Table 2.8. Single locus estimates of the Fixation index (f) for each of 9 collections of
Cominella lineolata from south-east Australia Populations are numbered in order of
occurrence from north to south. Significance of departure from/= 0 determined by y}analysis. -: no alternate allele.

Local population

SH BI CA SU BE WD PT OB NA
Locus
1
2
3
4

5

6

7

8

Lt-1 - -.023nt - - - -.011nt
Lt-2 0.358* 0.476** 0.120ns -.263ns 0.615** -.156ns
Lt-3 - - -.011nt -----Mpi - -.020ns 0.289ns 0.110ns -.065ns 0.087ns 0.269ns 0.470nt -.075ns
Np - -.011nt - -.071ns -.011nt -.011nt
Pgm-1 - -.011nt - - - -.023nt

*** - P < 0.001; ** - P < 0.01; * - P < 0.05; ns - not significant; nt - no test
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9

Table 2.9. Single locus estimates of the Fixation index (/) for each of 8 collections of
Bedeva hanleyi from south-east Australia. Populations are numbered in order of
occurrence from north to south. Significance of departure from/= 0 determined by %2analysis. -: no alternate allele.

Local population

MI SH CA HU SU BE OB NA
Locus
1 2

3

4

5

6

La-1 -.084ns - - -.059ns - - - -.015ns
La-2 0.157ns 0.065ns -.109ns 0.075ns -.034nt -.196ns -.256ns 0.168ns
Oct - -.034nt -.071ns -.023nt Pgm-1 - - 0.100ns -.047nt _ - - Pgm-2 - - -.034nt -.098ns - - - -.011nt
Sod-2 0.067ns 0.007ns -.121ns 0.000ns 0.120ns - 0.154ns -.125ns

ns - not significant; nt - no test

7

8

Table 2.10. Single locus and 6-locus weighted mean estimates of the standardised
genetic variance (0), and estimates of the average strength of gene flow (Nem) for each
of the three gastropod species. Morula marginabla and Cominella lineolata were
collected from 9 populations spanning 180 k m of the coast of south-eastern Australia.
Bedeva hanleyi were collected from 8 populations spanning only 162 k m of coast. Af =
45 in all collections. Significance of departure from 0 = 0 determined by %2- analysis.

M. marginabla

C. lineolata

B. hanleyi

Locus

0

Locus

0

Locus

La-1
La-2

Lt-1
Lt-2
Lt-3

Pgm-1

0.007ns
0.541***
0.000nt
0.469***
0.032**
0.968***

Lt-1
Lt-2

Mpi
Np

0.031***
0.017*
-.003ns
0.072***
0.004ns
-.001ns

Pgm-1
Pgm-2
Sod-2

0.083
0.191
0.029
0.073
0.051
0.144

Weighted

0.019***

Weighted

0.552***

Weighted

0.158*

mean (±SE)

(0.015)

Lgg-1
Lgg-2

mean (±SE)

(0.004)

Nem =12.91

Mpi
Np

mean (±SE)

(0.044)

A y n = 0.20

Oct

Nem = 1.33

*** - P < 0.001; ** - P < 0.01; * - P < 0.05; ns - not significant; nt - no test
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0

= 0.031 and 0.017 respectively). Such consistently low levels of genetic variation among
collections imply that local populations of M. marginabla are connected by high levels
of gene flow.

Of the two direct developing gastropods, Cominella lineolata and Bedeva hanleyi, the
greatest levels of allelic heterogeneity were detected amongst collections of C. lineolata
(weighted m e a n 0 = 0.552) (Table 2.10). The most notable example being the allele
Pgm-1

no

, which reached fixation in the collection from Shoalhaven Heads, but was

entirely absent from all other collections. A s a consequence, overall heterogeneity for
the Pgm-1 locus was exceedingly high (0 = 0.968). Considerable variation in allele
frequencies was also detected at the loci Lt-2 (0 = 0.541) and Mpi (0 = 0.469). However,
whilst the high 0 for Pgm-1 was due almost entirely to the occurrence of one allele
(Pgm-1

no

) in only one population, Lt-2 and Mpi produced high 0-values because of

strong variation in the frequencies of several alleles across the entire sampling area.
Values of 0 for Pgm-1, Lt-2 and Mpi were all highly significant (%2; P < 0.001). The
locus Np revealed only low levels of allelic heterogeneity (0 = 0.032; %2; P < 0.01).
Values of 0 for the loci Lt-1 and Lt-3 were not significantly different to zero (%2; P >
0.05), as both were insufficiently variable to reveal the level of subdivision indicated by
the other loci.

The 6-locus weighted mean 0 for Bedeva hanleyi (0.158) was only 28.6% of that for
Cominella lineolata, but still indicated more than 8 times the level of genetic
differentiation present among populations of Morula marginabla. Single-locus 0-values
for B. hanleyi were highly significant (%2; P < 0.001) for all loci except Oct (0 = 0.029),
which was significant at P < 0.05. The two most variable loci, Sod-2 and Lt-2 exhibited
the greatest heterogeneity. At the locus Sod-2, the overall most c o m m o n allele (Sod-2
I0

°) ranged in frequency from 0.489 in the collection from Huskisson, to fixation at

Bendalong. M o r e strikingly, the frequency of the overall most c o m m o n allele at the Lt-2
locus (Lt-210°) ranged from as low as 0.178 at Bendalong to 0.967 in the collection
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from Sussex Inlet. Data indicate that local populations of both C. lineolata and B.

hanleyi are maintained almost exclusively by recruitment of philopatric offspring; i.e.
there is virtually no gene flow among populations.

Dendrograms constructed using values of Nei's (1978) genetic distance (D) (Figure 2.2)

reveal no overall geographic pattern in the distribution of alleles for any of the three
species. However for the species with direct development, there is evidence for a local
influence on the allelic composition of populations in at least one area. For both
Cominella lineolata and Bedeva hanleyi, the two collections made from within Jervis
Bay (Figure 2.1), share more genetic similarities than any other pair of adjacent

populations. For the two species collected from both exposed and sheltered locations, M.
marginabla and C. lineolata, dendrograms reveal no evidence that populations collected
from locations with similar exposure regimes share more genetic similarities.

2.3.3 Indirect Estimates of Gene Flow (Nem)

In decreasing order, estimates of the strength of gene flow (N&m) based on 6-locus
weighted mean values of 0 (Table 2.10) ranged from 12.91 migrants per generation for
the planktonically dispersed Morula marginabla, to 0.20 and 1.33 migrants per
generation respectively, for the direct developers Bedeva hanleyi and Cominella
lineolata.

2.4 DISCUSSION

This chapter has shown that for the intertidal gastropods Morula marginabla, Cominella
lineolata and Bedeva hanleyi, mode of larval development is a reliable indicator of the
relative levels of genetic variation within and among local populations. As predicted,
direct developers, C. lineolata and B. hanleyi, exhibited significantly lower levels of
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Figure 2.2. U P G M A Dendrograms (Sokal & Sneath, 1963) for the three gastropod
species showing the genetic relatedness of local populations on the south-east coast
Australia as estimated by Nei's (1978) unbiased minimum genetic distance (D). Morula
marginabla and Cominella lineolata were collected from 9 populations (4 exposed (E)
plus 5 sheltered (S)) spanning 180 km of coast. Bedeva hanleyi were collected from 8

populations (1 exposed (E) plus 7 sheltered (S)) spanning 162 km of coast. Populations
are numbered in order of occurrence from north to south.
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Morula marginalba
SHOALHAVEN 1 (E)
PT. PLEASURE 7 (S)
NAROOMA 9(S)
BENDALONG 5(E)
BINDUINE 2(S)

£

CALLALA 3(S)
OBSERVATION PT. 8 (S)
SUSSEX IN. 4(E)
WARDEN HD. 6 (E)
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Cominella lineolata
SHOALHAVEN 1 (E)
BINDUINE 2 (S)
CALLALA 3(S)

HI
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Bedeva hanleyi
MINNAMURRA 1 (S)
SUSSEX IN. 5 (S)
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BENDALONG 6(E)
CALLALA 3(S)
HUSKISSON 4(S)
i

i

1

1

0.05

0.04

0.03

0.02
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genetic variation within local populations, and substantially higher levels of divergence
among populations compared to the planktonically developing M. marginabla. These

findings imply that local populations of C. lineolata and B. hanleyi are relatively small
and evolve largely independent of one another. For M. marginabla, the geographic

distribution of genetic variation is consistent with local populations that are strongly
interconnected by gene flow due to the dispersal of planktonic larvae.

2.4.1 Mating System

Within local populations of all three prosobranch species, the majority of individuals
were genetically unique for the loci assayed, and genotype frequencies in local
populations were overwhelmingly consistent with expectations for Hardy-Weinberg
(HW) equilibrium. These findings imply that, as for most other prosobranchs (Hughes
1986), the species in this study generate offspring via sexual reproduction. As long as
individuals do not engage in assortative mating, the observance of HW genotype
proportions might be expected for species that undergo direct development. However
such a close fit to HW expectations proportions would not necessarily have been
expected for Morula marginabla. For species with widespread planktonic dispersal, it is
likely that local populations receive recruits from a number of outside sources. If the

sources of recruits differ in their allelic composition, local populations should contai
fewer heterozygous genotypes than would be expected for a population in HW
equilibrium (the Wahlund effect; Johnson & Black 1984).

2.4.2 The Geographic Distribution of Genetic Variation

The finding that local populations of Cominella lineolata and Bedeva hanleyi exhibited
the least allozyme variability (number of alleles per locus; % of variable loci) and the
lowest levels of expected heterozygosity, supports the prediction that geographically
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restricted dispersal reduces the size of local populations and increases their susceptibility
to genetic drift (Soule 1976, Slatkin 1985).

Analysis of allelic variation among collections also provided clear contrasts between t
three gastropod species. For Morula

marginabla, values of 0 indicate little or no

variation a m o n g local populations, implying high levels of gene flow and an absence of
strong site specific selection. This result is consistent with findings for other gastropods
with planktonic larvae (Johnson & Black 1984, W a r d 1990, B r o w n 1991, Liu et al.
1991), and those reported for other invertebrate species producing planktonic larvae on
the south-east coast of Australia; i.e., the anemone Oulactis muscosa (Hunt & Ayre
1989) and the starfish Pateriella calcar (Hunt 1993b). In south-east Australia, the high
level of genetic connectedness displayed by M. marginabla, O. muscosa

and P. calcar

is probably partly attributable to periodic southward extensions by the East Australian
current ( H a m o n 1965).

As predicted, the species that lack a planktonic larval stage, Cominella lineolata and
Bedeva hanleyi, exhibited considerably more genetic variation a m o n g local populations.
Weighted m e a n values of 0 for C. lineolata and B. hanleyi respectively, were 29.1 and
8.3 times higher than that for Morula

marginabla. Spatial heterogeneity of allele

frequencies and the sporadic occurrence of private alleles are consistent with subdivision
due to low gene flow and divergence due to genetic drift and/or localised selection
(Slatkin 1985). Similar patterns of variation have been reported for other direct
developing gastropods (Grant & Utter 1988, W a r d 1990, Johnson & Black 1991). The
only previous study of a species with direct development on the east coast of Australia
was that of Hunt (1993b), w h o investigated genetic variation a m o n g populations of the
starfish Pateriella exigua. The m e a n value of FST

reported for P. exigua (0.46) was

slightly less than that in C. lineolata over approximately the same area of coast.
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2.4.3

Levels and Mechanisms

of Gene Flow

The indirect estimate of average gene flow (Nem) obtained for the planktonically
dispersed Morula marginabla (12.91) is m u c h higher than that obtained for either of
the species with direct development, Cominella lineolata (0.20) and Bedeva hanleyi
(1.33). The estimate for M. marginabla is more than twice the level at which drift
alone can cause substantial differentiation among local populations (Slatkin 1985).
Estimates for Cominella lineolata and Bedeva hanleyi are so low that some of the
populations sampled m a y be entirely unconnected by gene flow. Other populations that
are close or linked by strong currents m a y exchange higher than average numbers via
post-metamorphic drifting (Martel & Chia 1991b), or rafting on items such as logs and
algae (Highsmith 1985, Jokiel 1990). The buoyant phaeophyte Hormosira banksii is
c o m m o n in the intertidal communities in which C. lineolata and B. hanleyi occur, and
juveniles of both species have occasionally been found within attached clumps.

Whilst estimates of average gene flow reflect the presumed dispersal capabilities of
Morula marginabla, Cominella lineolata and Bedeva hanleyi, the values should be
interpreted with caution. This is because the underlying population structures of these
species almost certainly deviate from the idealised model (Wright's (1943) island
model) upon which the proposed relationship between 0 and Nem is based. Firstly, the
laws of diffusion would suggest that the strength of gene flow should be inversely
proportional to the distance between source and recipient populations (e.g. Hellberg
1994). Because of their weaker dispersal capabilities this should be more pronounced
in C. lineolata and B. hanleyi than in M. marginabla. Secondly, on the east coast of
Australia intertidal species form predominantly linear arrays of populations. A s a
consequence of these factors the population structures of M.

marginabla

and

particularly C. lineolata and B. hanleyi m a y conform more closely to a onedimensional stepping stone model (Kimura & Weiss 1964). Under the same average
level of gene flow, a set of populations in a one dimensional stepping stone array will
39

become more differentiated than a set of similar populations whose underlying
structure conforms to the two-dimensional island model. A s such, the estimates of Nem
for these species are probably underestimates of actual gene flow. The method for
estimating average Ntm from 0 in a one dimensional stepping stone model (Kimura &
Weiss 1964) requires independent estimates of effective population size (Ne) and the
mutation rate (u) and so can not be used in this instance.

2.4.4 Environmental Effects Underlying Interspecific Differences in The
Distribution of Genetic Variation: Estuary Versus Open Populations

For both Morula marginabla and Cominella lineolata, populations on the open coast
had, on average, more alleles per locus, a greater proportion of variable loci (out of the 6
loci examined for each), and higher levels of expected heterozygosity compared to
populations in estuaries. However, statistical comparisons revealed that, for both species
and for all measures of intra-population variability, differences between estuary and
open coast populations were not significant. If this finding were due to lack of statistical
power, then higher intra-population variability for open coast populations would imply
that these populations typically receive more migrants those in estuaries. The fact that
the level of genetic variation among estuarine populations of C. lineolata is 3 8 % greater
than that a m o n g populations located on exposed headlands (weighted m e a n 0 = 0.598 cf.
0.433) is consistent with this circumstance. Whether dispersal is via the plankton or by
rafting, the strength of prevailing water currents will determine the flux of migrants at
any given point. Hence, a lower rate of immigration to estuarine populations would be
expected purely on the basis of the fact that the flow of seawater in and out of estuaries
is generally slower than the rate of flow along the open coast (Thurman 1988).

Selective differences between estuary and open coast environments may provide a
partial explanation of why, despite having the same m o d e of development, Cominella
lineolata exhibited 3.5 times the level of genetic differentiation a m o n g populations as
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Bedeva hanleyi (weighted m e a n 0 = 0.552 cf. 0.158). C. lineolata were collected from

five sheltered and four exposed locations, whilst all samples of B. hanleyi, except one
(Bendalong) came from sheltered locations. This apparent positive correlation between
0 and niche breadth across sampling locations, fits precisely with the theory (Van
Valen 1965) that much allozyme variation is adaptive in nature. However, for the loci
surveyed in C. lineolata, there was no evidence (from dendrograms of Nei's genetic
distance) of a relationship between the allelic composition of populations and the
exposure of sampling locations.
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CHAPTER 3

AN INVESTIGATION OF THE BROAD SCALE GENETIC
STRUCTURE OF BEDEVA HANLEYI: EFFECTS OF
GEOGRAPHIC VARIATION IN THE BEHAVIOUR OF THE EAST
AUSTRALIAN CURRENT.

3.1

INTRODUCTION

As discussed in the preceding chapters, for species of benthic marine invertebrate that
lack a planktonic larval stage, haphazard rafting is the probably the most important
natural mechanism that results in gene flow among non contiguous populations. Whilst
haphazard rafting and planktonic dispersal contrast markedly in the level of gene flow
that they are expected to effect, an important commonality is that both are passive with
respect to mass-movement of water. Consequently, if there are persistent regional
differences in the pattern of currents within a species range, and if that range has been
occupied for some time, then regardless of whether dispersal is via the plankton or by
rafting, there should be regional differences in the level of genetic subdivision that
reflect current patterns (Ayre 1990). Consistent with a link between currents patterns
and patterns of passive gene flow, genetic surveys of both planktonic developers
(Berglund & Lagercrantz 1983, Ayre 1991, Ayre & Dufty 1994, Billingham & Ayre
1996, Chapter 2) and direct developers (Johnson & Black 1991, Hunt 1993b, Chapter 2)
reveal that populations presumed to be strongly inter-linked by currents typically exhibit
less differentiation than those among which there appears to be little water movement.
Moreover, these studies show that genetic data can be used to resolve the effects of
geographic differences in strength and direction of prevailing currents at spatial scales
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ranging from hundreds of meters (e.g. currents within and a m o n g coral reefs and

lagoons) to thousands of kilometres (currents that flow along continental margins). As a
further, but indirect, indication of the link between currents and genetic population
stmcture, data for the planktonically dispersed barnacle Semibalanus balanoides,
suggest that populations located in estuaries with flow regimes that promote the
transport of larvae away from the natal site, are less locally adapted than those where
currents are more conducive to philopatry (Bertness & Gaines 1993). Non-genetic
evidence that nearshore currents can influence the spatial distribution of passive
migrants comes from a survey of the size/frequency distribution of different adult
populations of the sea urchin Strongylocentrotus purpuratus along -1000 km of the
west coast of North America. Data suggest that in areas where there is a consistent

tendency for currents to flow offshore (due to localised coastal upwelling), populations
receive fewer recruits from the plankton than those in areas where long-shore flow
predominates (Ebert & Russell 1988).

For benthic invertebrates that rely on planktonic or rafted dispersal and reside on the
south-east (SE) coast of Australia, the ocean current expected to have the greatest
influence on their genetic structures is the East Australian Current (EAC). The EAC
represents the western boundary current of the anti-cyclonic South Pacific Gyre. It
originates in the Coral sea to the south-east of Papua New Guinea, and transports large
volumes of warm nutrient-depleted water southward along outer continental shelf of

Australia, impinging on the coast at a latitude of around 26° south (S). From this point
to around -33° S, the EAC flows strongly and consistently parallel to shore (Hamon
1965, Hamon & Kerr 1968, Godfrey et al. 1980). In the region between 33° and 40° S
the EAC converges with the Tasman front (the northern most limit of Antarctic surface

waters), causing it to diverge from the coast and flow south-east, and then east towards
New Zealand (Hamilton 1992, Creswell 1993). The exact latitude of this convergence
varies in time, but is most commonly located around 34° S, with southward excursions
occurring during the summer months when the EAC is strongest (Louis 1989, Hamilton
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1992). In the triangle between the coast and the south-east flow of the E A C , there is
upwelling of cold nutrient rich water (Creswell 1993). This becomes entrained along the

edge of the EAC and is itself carried offshore. At its southern most limit the EAC sheds
large (~200 km diameter) and long lived (~1 year) anti-cyclonic warm-core eddies
(Creswell 1993). These eddies are more erratic in their movements compared to the
EAC, however they to exhibit a tendency to migrate offshore. The net effect of the
behaviour of the EAC and its eddies is mass transport of nearshore surface water away
from the coast between latitudes 33° and 40° S (Godfrey 1973, Hamilton 1992).

If the EAC has exhibited a persistent tendency to flow along the shore above 33° S, and
offshore below 33° S, and there has been an associated tendency for the 'flow' of

planktonic and rafted migrants to conform to this pattern, then the SE coast of Australi

should consist of two adjacent regions with very different gene flow characteristics; (
a northern region (from -26° to 33° S) which allows for relatively high gene flow
among conspecific populations, and (2), a southern region (from -33° to 40° S), in
which average gene flow is somewhat weaker. If this assessment of gene flow along the
o

S E coast of Australia is correct, then species with ranges that span this portion of coast
should exhibit greatest population subdivision in the 'southern region'. To date there
have been only two genetic studies of benthic marine invertebrates in SE Australia that
have sampled broadly enough to test this hypothesis. Both studies were of species that
produce a planktonic larval stage. These were Hunt's (1993a) study of the asteroid
echinoderm Pateriella calcar, and Murray-Jones & Ayre's (In press) study of the
venerid clam Donax deltoides. Contrary to expectations however, both species were
genetically homogenous across both northern and southern regions. Values of the
standardised genetic variance (FST) for both P. calcar (0.008) and D. deltoides (0.009)
are close to the values expected for sexual reproduction within a large panmictic
population. Assuming both species are at equilibrium under gene flow and genetic drift,
there are two possible explanations for these findings; (1) either there is uniform
potential for gene flow throughout northern and southern regions (i.e. EAC/gene flow
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hypothesis is false), or (2), the reduction in gene flow in the southern region is so slight
that it effects were not detectable with the sample sizes that were employed (-30-50
individuals/population). The justification for the second explanation is based on
population simulations which show that gene flow must fall to very low levels for there
to be a significant increase in the level of variation a m o n g populations caused by genetic
drift. In Wright's (1943) island model (Figure 3.1), random differentiation of
populations (FST) is only substantial w h e n gene flow (Nem) falls below 5 immigrants
per generation. Whilst it is unlikely that marine species on the S E coast of Australia
conform to Wright's island model, the principle remains the same. Consequently, if
there is a persistent difference in the average strength of gene flow between northern
and southern regions, then species with low dispersal potential, such as those that
undergo direct development should provide a better opportunity for resolving its genetic
effects. O f the two prosobranch gastropods found in Chapter 2 to have low dispersal
potential, Bedeva hanleyi and Cominella lineolata, only B. hanleyi would lend itself to a
test of the EAC/gene flow hypothesis, because only it has a range which spans the
region in question (i.e. 26° to 40° S) (Australian M u s e u m , unpublished data). O n the
east coast of Australia, the range of C. lineolata does not extend north beyond -35° S
(Chapter 2).

By focusing on species that undergo direct development it would also be possible to
adopt a relatively novel, but extremely useful line of inquiry as to the genetic effects of
differences in the current regime of northern and southern regions of S E Australia. The
approach envisaged is unlikely to be relevant to species that undergo planktonic
development as it relies on the ability to test for geographic patterns of differentiation
that only emerge w h e n gene flow is highly spatially restricted; i.e. w h e n a species
underlying population structure resembles the stepping-stone model of Kimura & Weiss
(1964). A 'stepping-stone' population structure is one in which the majority of gene flow
is between populations that are immediately adjacent (i.e 1 step apart). In the present
context, the key feature of the stepping-stone model is that at equilibrium between gene
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Figure 3.1. The relationship between the strength of gene flow, Nem (immigrants per
generation), and the variance in allele frequencies among subpopulations,
Wright's (1943) island model of population structure.
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flow and genetic drift, neighbouring populations show the closest genetic resemblance,
and divergence correlates positively with the number of steps between populations (i.e.
there is 'isolation by distance'; sensu Wright 1943). The utility of this phenomenon lies
in the fact that, w h e n all other parameters are constant, the number of generations
needed for equilibrium to be reached is determined by the inverse of the migration rate
(m) (Crow & Aoki 1984). Hence, all other factors being equal, if a 'stepping-stone
species' experiences persistent regional differences in the strength of gene flow then one
or other of the following predictions should be true: (1) If there has been insufficient
time for range-wide equilibration, then the region that experiences the highest gene flow
should produce the lowest values of F S T and show the strongest pattern of isolation by
distance. (2) If there is range-wide equilibrium, then both regions will exhibit isolation
by distance, but F S T will be lowest where gene flow is strongest. The advantage of
simultaneously testing hypotheses concerning F S T and spatial pattern of differentiation
is that the interpretation of F S T becomes almost infinitely strengthened. Without an
independent assessment of the extent to which gene flow and genetic drift have
equilibrated, it is impossible to conclude whether a low value of F S T reflects high gene
flow and equilibrium conditions (the face value interpretation), or non-equilibrium
conditions and low gene flow.

To quantitatively assess whether observed patterns of differentiation conform to
expectations for equilibrium between genetic drift and stepping-stone gene flow, Slatkin
& Maddison (1990) and Slatkin (1993) proposed regressing indirect estimates of gene
flow (M ) between pairwise combinations of populations, against corresponding
measures of their distance of separation. M

is the estimate of Wright's (1978) Nem,

calculated separately for pairs of populations; i.e. for two populations a and b,

Ma.b = (l- Fsja-b ) 14FSTa-i
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Underlying the method proposed by Slatkin & Maddison (1990) and Slatkin (1993), are
findings from computer simulations of stepping-stone populations which reveal that
when gene flow is spatially homogenous (i.e. there are no physical barriers or conduits
to gene flow), the equilibrium relationship between M

and distance of separation (in

steps) is solely determined by the number of dimensions in which a set of populations
are distributed (Slatkin & Maddison 1990, Slatkin 1991). The relationship being most
easily resolved for a one-dimensional array. At equilibrium, the slope of a regression of
logio &

on

logio distance of separation (in numbers of steps) for a linear array of

populations should be -1.0. For a symmetrical two-dimensional arrangement, the slope
should be approximately -0.5. In circumstances where populations are discrete and
unevenly spaced (i.e. step length is variable), logio distance in steps can be substituted
for distance in logio distance in kilometres (or any other unit of distance) without
altering the expected equilibrium relationship (Slatkin 1993, Hellberg 1994). Hence if a
species population structure resembles the stepping-stone model and the dimensionality
of its distribution is known, it should be possible to test for equilibrium by comparing
the observed slope with the equilibrium expected slope for a set of populations with the
same spatial arrangement (e.g Hellberg 1994, 1995). Along the east coast of Australia,
the population structures of philopatric marine invertebrates (e.g Bedeva hanleyi) should
resemble the one-dimensional stepping-stone model.

In this chapter, allozyme data for Bedeva hanleyi, are used to investigate the proposal
that, for species with limited dispersal capability on the east coast of Australia,
differences in the behaviour of near-shore currents above and below -33° S should have
resulted in regional differences in genetic population structure. T o investigate the
genetic effects of regional differences in the behaviour of the E A C , the previous
allozyme survey of Bedeva hanleyi (Chapter 2) was expanded to encompass 1094 k m of
coast between latitudes 27° 56' S to 37° 6' S (southern Queensland to southern N e w
South Wales). This sampling range covered roughly equal portions of the putative highgene-flow 'northern region' and the low-gene-flow 'southern region'. General assessment
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of east coast population structure was m a d e in terms of (1) the extent to which local
populations conform to expectations for Hardy-Weinberg equilibrium (HWE), (2) the
level of genetic differentiation among populations, and (3) the spatial pattern of

differentiation. With regards the proposed differences between 'northern' and 'southern'
regions three hypotheses were tested:

Hypothesis 1: Average variation within local populations is highest in the
northern coastal region.

Hypothesis 2: Variation among local populations is highest in the southern
coastal region.

Hypothesis 3: Populations in the northern region are closest to equilibrium
under genetic drift and stepping-stone gene flow.

In addition to investigating the genetic structure of Bedeva hanleyi on the east coast of
Australia, this chapter also reports allozyme data for a small number of local
populations from South Australia and West Australia. Although scant, these data
provided the opportunity to investigate the genetic composition of populations that are
not only very distant from the east coast, but are located within a body of water with

which there appears to be little opportunity for connection to the east coast via nearsh
currents (Creswell 1993). Although limited in number, previous studies of other
Australian marine invertebrates have reported large genetic differences between east
coast populations and those to the south and west (Ayre 1984, Ayre et al. 1991, Hunt
1993a, Billingham & Ayre 1996). A similar outcome is predicted for Bedeva hanleyi.

3.2

MATERIALS AND METHODS

3.2.1

Collection and Storage of Specimens

In addition to the 8 collections made in chapter 2 (spanning 180 km of coast between

34° 38' S and 36° 14' S), collections were made from a further 18 locations; 14 from t

east coast of Australia, 1 from South Australia and 3 from West Australia (Figure 3.2)
The maximum separation of the 26 locations sampled was -4700 km. Of the 14
additional east coast populations that were sampled, 13 were from the north of those
sampled for Chapter 2, and one was from the south. Collections comprised 45
individuals from each population in all cases except for two of the collections from
West Australia; Fremantle Harbour (N = 19) and Chidley Point (N = 26). Snails were
sampled haphazardly within populations, and subsequently transported live to the
University of Wollongong where they were dissected and stored as per snails collected
for Chapter 2.

With regards investigation of the genetic effects of regional differences in the behav
of the EAC, the set of 22 east coast populations comprised 10 populations from the
'northern region' (spanning latitudes 27° 56' S to 32° 43' S) and 12 populations from
the 'southern region' (spanning latitudes 33° 33' S to 37° 6' S).

3.2.2 Electrophoresis

The electrophoretic methods used and the loci assayed were the same as in Chapter 2.

Extending the electrophoretic survey of Chapter 2 to include a further 18 populations

resulted in the discovery of 12 additional alleles; one each for the loci Lt-1, Oct an
Pgm-2, two for Pgm-1, three for Sod-2, and four for Lt-2. For all loci, except Lt-2,

increasing the number of populations surveyed had no effect on the identity of the mos
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Figure 3.2. Locations of the 26 local populations of Bedeva hanleyrxhaX were sampled
from (A) eastern, (B) southern, and (C) western Australia, in order to investigate the
geographic distribution of genetic variation.
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Figure 3.2. Continued.
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c o m m o n allele ( M C A ) . Since allelic identities in Chapter 2 were defined in terms of
electrophoretic mobility relative to the most c o m m o n allele (which was given a
mobility of 100), the discovery of a n e w M C A for Lt-2 meant re-assigning identities to
the five Lt-2 alleles observed in the previous survey. The alleles Lt-21®0, 122, 141, 158
and

185

(Chapter 2; Table 2.4) thus became Lt-211, 77, 1 0 ° , 121 and

133

respectively

(This chapter; Table 3.1).

3.2.3 Analyses

3.2.3.1 Tests of Linkage

Implicit in the inference of population structure from multi-locus genetic data is the
assumption that each locus provides an independent assessment of variation within and
among populations; i.e. there is no linkage between loci. Using Hill's (1974) Di-allelic
method, it has already been found that there is no evidence of significant linkage
disequilibrium amongst assayed loci for any of the 8 populations surveyed in Chapter 2.
The same approach was applied to test for linkage among assayed loci in each of the 18
additional populations sampled for the present chapter. Again, no evidence of a
significant association was detected (P > 0.05) for any pair of loci in any population. A s
previously (Chapter 2), this finding is taken to imply that loci concerned are effectively
unlinked.

3.2.3.2 Genetic Variation Within and Among Populations

Genetic variation within and among populations was assessed using the same measures
employed in Chapter 2, except that estimates of the average strength of gene flow (Nem)
between groups of 3 or more populations were not calculated from weighted m e a n 6values, according to Wright (1978), because of the earlier conclusion (Chapter 2) that
the population structure of Bedeva hanleyi does not satisfy the major requirements of
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Table 3.1. Variation in allele frequencies at six enzyme encoding loci among 26 local
populations of Bedeva hanleyi. Local populations were collected over a range spanning
4719 km of the coast of southern and eastern Australia. Populations are numbered in
order of occurrence from north east to south west. Samples comprised 45 individuals
from each local population in all cases, except Fremantle Harbour (FR) (N = 19) and

Chidley Point (CH) (N = 26). Alleles are characterised by their mobility relative to t
of the most common allele at each locus. -: allele absent.
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Local population
Eastern Australia (Northern region)

Locus
Allele

SP

TA

CU

TW

KI

YA

NM

SW

PO

NE

1

2

3

4

5

6

7

8

9

10

0.633
0.033
0.333

0.844
0.156

0.578
0.422

0.767
0.233

0.789
0.211

0.600
0.400

0.556
0.444

0.711
0.289

0.922
0.078

0.778
0.222

0.256
0.744
-

0.089
0.100
0.811
-

0.144
0.133
0.722
-

0.122
0.111
0.767
-

0.222
0.778
-

0.300
0.689
0.011
-

0.078
0.867
0.056
-

0.022
0.911
0.067
-

0.167
0.544
0.222
0.067
-

0.148
0.045
0.386
0.227
0.193
-

0.644
0.333
0.022

0.644
0.356
-

0.811
0.189
-

0.789
0.211
-

0.689
0.300
0.011

0.578
0.411
0.011

0.500
0.400
0.100

0.522
0.433
0.044

0.644
0.344
0.011

0.800
0.200
-

-

-

-

-

-

-

-

-

-

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

-

-

-

0.011
0.989
-

-

-

-

-

-

-

0.011
0.989
-

-

-

-

-

-

-

-

-

-

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

-

-

-

-

-

-

-

-

-

0.622
0.289
0.089
-

0.511
0.378
0.111
-

0.478
0.189
0.333
-

0.844
0.156
-

0.278
0.400
0.322
-

0.144
0.322
0.511
0.022

0.022
0.533
0.422
0.022

0.111
0.422
0.389
0.078

0.644
0.356
-

Lt-1
100
88
81

Lt-2
158
133
121
118
100
82
77
71
60

Oct
100
76
63

Pgm-1
108
104
100
91

Pgm-2
110
104
100
80

Sod-2
124
108
100
93
79
56

0.533
0.011
0.444
0.011
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Table 3.1. Continued

Local population
Eastern Australia (Southern region)

Locus
Allele

PA

GE

WA

MI

SH

CA

HU

SU

BE

OB

11

12

13

14

15

16

17

18

19

20

0.789
0.211

0.911
0.089

1.0

0.922
0.078

1.0

1.0

1.0

1.0

-

-

0.944
0.056

1.0

-

-

-

-

0.144
0.278
0.278
0.300

0.056
0.167
0.378
0.400
-

0.144
0.500
0.133
0.211
0.011

0.078
0.167
0.756
-

0.100
0.233
0.333
0.333
-

0.089
0.367
0.544
-

0.111
0.533
0.356
-

0.033
0.967
-

0.278
0.544
0.178
-

0.244
0.389
0.367
-

0.956
0.044
-

0.944
0.056
-

0.811
0.189
-

1.0

0.967
0.033
-

0.933
0.067
-

0.978
0.022
-

1.0

1.0

1.0

-

-

-

-

-

0.011
0.989
-

-

-

-

-

-

1.0

1.0

1.0

1.0

1.0

-

-

-

0.956
0.044

-

1.0

0.889
0.111

-

-

0.022
0.978
-

-

-

-

1.0

1.0

1.0

1.0

-

-

0.911
0.089

-

1.0

0.967
0.033

-

-

0.089
0.911
-

-

-

-

-

_
0.867
0.133
-

0.689
0.311
-

0.744
0.256
-

0.022
0.544
0.433
-

0.011
0.489
0.500
-

0.833
0.167
-

-

0.622
0.011
0.367
-

.
0.700
0.022
0.278
-

0.844
0.156
-

Lt-1
100
88
81

Lt-2
158
133
121
118
100
82
77
71
60

Oct
100
76
63

Pgm-1
108
104
100
91

1.0
-

-

Pgm-2
110
104
100
80

-

1.0

Sod-2
124
108
100
93
79
56

56

1.0
-

Table 3.1. Continued

Local population
Eastern Australia
(Southernregion)

Locus
Allele

South
Australia

West
Australia

NA

ED

AD

PE

FR

CH

21

22

23

24

25

26

0.844
0.156

1.0
-

0.800
0.200

0.956
0.044

0.789
0.211

0.788
0.212

0.089
0.367
0.544
-

0.089
0.144
0.767
-

0.622
0.378
-

-

-

-

1.0

1.0

1.0

-

-

-

1.0

1.0

1.0

-

-

-

0.389
0.611
-

0.974
0.026
-

0.923
0.077
-

-

-

-

-

-

-

1.0

1.0

1.0

1.0

1.0

1.0

-

-

-

-

-

-

0.011
0.989
-

-

-

-

-

-

1.0

1.0

1.0

1.0

1.0

-

-

-

-

-

0.744
0.256
-

0.267
0.578
0.156
-

0.700
0.300
-

0.684
0.316
-

0.865
0.135
-

Lt-1
100
88
81

Lt-2
158
133
121
118
100
82
77
71
60

Oct
100
76
63

Pgm-1
108
104
100
91

Pgm-2
110
104
100
80

Sod-2
124
108
100
93
79
56

0.889
0.111
-
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the model (Wright's island Model) upon which this procedure is based. The qualifier
that Nem was not calculated for groups of 3 or more populations is added because the
measure used in testing for equilibrium under a stepping-stone model, M, is the value of
Nem

calculated for a pair of populations. This measure is valid in this application

because it is used as a measure of genetic distance and not as an estimate of actual gene
flow (Slatkin 1993).

3.2.3.3 Test 1 of the EAC/Gene flow Hypothesis: Genetic Variation Within
Populations

The hypothesis that average intra-population genetic variability should be higher in th
northern region of S E Australia than the southern region was tested by comparing
populations in each region (using a one-tailed Students t-test) in terms of (1) the
percentage of loci that are variable ( 9 5 % criterion), (2) the m e a n number of alleles per
locus and (3), the m e a n level of expected heterozygosity. Data for the northern region
came from 10 local populations between and including The Spit and Nelson Bay. Data
for the southern region came from 12 local populations between and including Patonga
and Eden.

3.2.3.4 Tests 2 and 3 of the EAC/Gene flow Hypothesis: Levels, and Spatial
Patterns of Variation among Populations

In order to investigate differences between northern and southern regions in terms of
(1) the level of variation a m o n g populations, and (2) the extent to which spatial
patterns conform to equilibrium expectations, it was necessary to exclude data for one
population (Nelson Bay) from the northern region data set. The reason for this was to
ensure that the two sampling regions were of approximately equal geographic size. In
the stepping-stone model, both the allelic variance a m o n g local populations, and the
probability of detecting equilibrium conditions, are strongly dependent on the
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geographic scale of sampling (Kimura & Weiss 1964, Slatkin 1993). After excluding
Nelson Bay, the northern sampling region comprised 9 local populations (The Spit to
Port Macquarie) separated by a m a x i m u m of 406 k m . The southern region comprised
12 local populations (Patonga to Eden) separated by a m a x i m u m of 420 km.

To investigate the hypothesis that genetic variation among east coast populations
should be greatest in the southern region, both single-locus and 6-locus weighted mean
9-values were compared between regions.

To assess whether the set of N populations in each region are at equilibrium under
genetic drift and stepping-stone gene flow, a regression analysis was conducted of the
relationship (on logio / l°gl0 axes) between indirect estimates of gene flow (M) for all
(N(N -l)/2) pairs of populations and corresponding estimates of their distance of
separation in k m (as advocated by Slatkin & Maddison 1990, Slatkin 1993). Based on
the assumption that east coast populations form a linear stepping-stone array,
equilibrium in either the northern or southern region should appear as a significant
inverse correlation between logio $

and logio distance, with a slope equal to -1.0.

In the present study, estimates of M were based on 6-locus weighted mean values of 6.
The distance of separation for each pair of populations was measured as the shortest
nautical distance (km) (as determined from 1: 1 000 000 maritime charts). A s mentioned
earlier, is important to note that M

should not be regarded as the actual number of

genetically effective migrants exchanged among pairs of populations, rather it is
equivalent to the m i n i m u m number of migrants that would required to account for the
observed genetic differences between populations if migrants could m o v e directly
(rather than step-wise) between populations.

If gene flow occurs, then the allelic composition of any one local population is
influenced to some degree by that of other local populations. A s such, values of M
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are

not independent. Consequently, the significance of regressions of logio M

on logio

distance of separation can not be tested using normal statistical methods. Instead, the
significance of each regression was assessed using Mantel's randomisation test (Manly
1991). Mantels test determines the correlation between the elements in two matrices (in
this case matrices of logio ^

and logio distance of separation), then determines the

significance of this correlation by comparison with the distribution of correlation
coefficients obtained by randomly reallocating the order of elements in one of the
matrices. Randomised matrix elements were standardised to have a m e a n of zero and a
variance of one in order that the matrix correlation coefficient equals the ordinary least
squares (OLS) correlation coefficient. In the present study, 5000 randomisations were
performed on the matrix of log M -values for each data set. Results are presented as the
percentage of comparisons using randomised data that yield correlations that are equal
to, or stronger than that obtained for the original data.

In order to obtain the most reliable estimate of the functional relationship between logi
M

and logio distance of separation (km) Hellberg (1994) advocated using Reduced

Major Axis ( R M A ) regression (McArdle 1988) instead of O L S regression. O L S
regression assumes that the independent variable is measured without error. Whilst there
is unlikely to have been significant error in the measurement of the distance between
populations, there is the possibility of error in the assumption that geographic distance
and distance in steps exhibit a constant relationship throughout the area under
investigation. R M A regression seeks the straight line that minimises both vertical and
horizontal distances between data points and the regression line, and as such effectively
minimise the sums of squares of errors in both the x and y variables.

Since M -values were based on weighted mean values of 6 for six loci it is possible that
the pattern of differentiation observed within each region might be biased towards the
pattern of differentiation for the most variable loci. T o investigate whether any single
locus had a particularly strong influence on the overall pattern of differentiation,
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regression analyses were also conducted in which data from each of the 6 loci were
alternately excluded. This is more instructive than investigating the pattern of
differentiation at single loci as simulations have shown that the spatial patterns of
interest are only likely to be detected when data are averaged across a number of loci;
i.e. it is the average pattern that is most important (Slatkin 1993).

3.3 RESULTS

3.3.1 General Population Structure

For the six allozyme loci that were assayed a total of 29 alleles were detected among t
26 sampled populations (Table 3.1). A m o n g loci, the number of alleles per locus was
highly variable, ranging from 3 each for the loci Oct and Lt-1, up to 9 for Lt-2. All loci
except Pgm-1 and Pgm-2 were variable (frequency of M C A < 9 5 % ) in a majority (15 to
25) of populations. Pgm-1 and Pgm-2 revealed alternate alleles in 4 and 5 populations
respectively, but each was only variable at the 9 5 % level in a single population.

Surprisingly, all of the 29 alleles that were found, were found within east coast
populations; i.e. no n e w alleles were found in collections from South or West Australia.
Within populations, the percentage of assayed loci that were variable ( 9 5 % criterion)
ranged from 16.7% at Bendalong to 1 0 0 % at Huskisson and Georges River (mean ± S E
= 6 3 . 7 % ± 4.5) (Table 3.2). The m e a n number of alleles per locus in each population
varied between 1.3 at Bendalong and Sussex Inlet to 2.5 at The Spit and Port Macquarie
(overall m e a n ± S E = 2.01 ± 0.1). Average expected heterozygosity within populations
(H e ) ranged from 0.058 in the population at Sussex inlet to 0.349 in the population at
Y a m b a (overall m e a n ± S E = 0.237 ± 0.017). In all instances where loci were variable
within populations, observed heterozygosities were in close statistical agreement with
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Table 3.2. Three indices of allozyme diversity for 26 local populations of Bedeva

hanleyi collected from 4719 km of the coast of southern Australia, t - indicates t

mean for local populations in the northern region of SE Australia was significantl
higher (one-tailed f-test; P < 0.05) than that for the southern region.

%of
Region

Local
population

The Spit
Tallebudgera
Eastern
Currumbin Ck.
Australia Tweed River
Kingscliff
(Northern Y a m b a
region)
Nambucca Hds.
S W Rocks
Pt. Macquarie
Nelson Bay

N

variable loci
(95% criterion)

45
45
45
45
45
45
45
45
45
45

83.3
66.7
66.7
83.3
66.7
66.7
66.7
66.7
66.7
66.7

0.317(0.099)
0.264 (0.092)
0.306(0.104)
0.290 (0.098)
0.232 (0.077)
0.349(0.115)
0.325(0.116)
0.278(0.104)
0.317(0.125)
0.314(0.117)

12.2 (0.1)

t Q.299 (0.017)

33.3
16.7
33.3
66.7
33.3
58.3(6.1)

2.2 (0.5)
2.3 (0.3)
2.3 (0.6)
1.7 (0.3)
1.8 (0.5)
2.2 (0.3)
2.3 (0.2)
1.3 (0.2)
1.3 (0.3)
1.5 (0.3)
1.8(0.3)
1.5 (0.3)
1.8(0.1)

0.275(0.123)
0.227 (0.094)
0.244(0.113)
0.163(0.084)
0.195(0.122)
0.247 (0.098)
0.250 (0.097)
0.058 (0.046)
0.100(0.100)
0.155(0.110)
0.176(0.091)
0.129(0.081)
0.185(0.016)

45

50.0

1.7(0.3)

0.229(0.108)

45
19
26

50.0
50.0
50.0

1.5 (0.2)
1.5 (0.2)
1.5 (0.2)

0.165(0.092)
0.140(0.082)
0.120(0.059)

70.0(6.5)

45
45
45
45
45
45
45
45
45
45
45
45

Mean (±SE)
soum
Australia
West

Adelaide

Penguin Isl.
Australia Fremantle Hbr.
Chidley Pt.

Mean
expected
heterozygosity

(0.4)
(0.4)
(0.4)
(0.3)
(0.3)
(0.4)
(0.5)
(0.5)
(0.6)
(0.6)

Mean (±SE)
Patonga
George River
Warumbul
Eastern
Minnamurra
Australia Shoalhaven
Callala
(Southern Huskisson
region)
Sussex Inlet
Bendalong
Observation Pt.
Narooma
Eden

M e a n number
of alleles
per locus

66.7

100
66.7
50.0
50.0
83.3

100
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2.5
2.0
2.0
2.2
1.8
2.2
2.3
2.3
2.5
2.2

expectations for Hardy-Weinberg equilibrium (as indicated by %2-tests of single-locus/values; Table 3.3).

Values of the standardised genetic variance (9) for the 22 east coast populations were
moderate to high for all six loci (Table 3.4). Values ranged 0.053 for Pgm-2 up to 0.280
for Lt-2 (weighted mean = 0.239) and were all significantly greater than zero (%2; p <
0.001). It also emerged that single-locus 6-values were positively and strongly
correlated ( O L S r2 = 0.971) with expected heterozygosities (He) based on average allele
frequencies among east coast populations (Table 3.4).

Within populations from South and West Australia, a total of 11 allelic variants were
observed at the six assayed loci. A s mentioned previously, it appeared that none of these
alleles were unique to populations in South and West Australia. Ten of the alleles found
in South and West Australian populations occurred in a majority of both northern and
southern east coast populations, six of these were the most c o m m o n alleles for the loci
surveyed. Only one regionally unique east coast allele (Sod-2 124 ) was found in South
and West Australian populations. Sod-2 124 was c o m m o n in all four populations from
South and West Australia (mean frequency = 0.629) and in the 9 most northerly east
coast populations (mean frequency = 0.394), but was absent in between. In the U P G M A
dendrogram (Figure 3.3), the three populations from West Australia are grouped with
the northern east coast populations (at D-values ranging from 0.019 to 0.187), whilst the
single South Australian population is grouped with southern east coast populations (D =
0.026 to 0.087).

Whilst the three West Australian populations were quite similar to many east coast populati
they were themselves strongly differentiated. The three populations were separated by a m a x i m u m
of only 37 k m yet produced a weighted m e a n 0 of 0.239. Four groups of similarly spaced east coas
populations ( m a x i m u m separations ranging from 44 to 95 k m ) produced weighted m e a n 9-values
ranging from 0.055 to 0.191 (mean = 0.107).
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Table 3.3. Values of Weir & Cockerham's (1984) / (the fixation index), calculated
separately for each locus in each of the 26 collections of Bedeva hanleyi. After
adjustment of significance levels to correct for the large number of simultaneous %2tests performed (Sequential Bonferroni procedure; Hochberg 1988) it was judged that
all departures from/= 0 were statistically insignificant (%2; P > 0.05). nt - indicates
no test was possible because %2-cells contained expected numbers < 4 even after
pooling of rare alleles.
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Locus
Region

Local
population

The Spit
Tallebudgera
Currumbin
Eastern
Tweed Hd.
Australia Kingscliff
Yamba
(Northern Nambucca Hd.
region)
S W Rocks
Port Macquarie
Nelson Bay
Patonga
Georges R.
Warumbul
Eastern
Minnamurra
Australia Shoalhaven
Callala
(Southern Huskisson
region)
Sussex In.
Bendalong
Observation Pt.
Narooma
Eden
South
Australia
West

Adelaide

Penguin Isl.
Australia Fremantle
Chidley Pt.

Pgm-1 Pgm-2

Lt-1

Lt-2

Oct

-.050

0.007

0.201

_

-.015

0.040

-.358

-

-.093

0.293

0.202

-

-.180

0.134

-.134

-.001

0.100

-.123

-.204

-.123

-.075

-.080

0.258

0.135

-.011"'
-

Sod-2

-.116
0.105

-

-.066

-

0.147

-

0.154

-

-

0.056

0.080

-

-

-.067

0.461

0.215

-

-

-.160

0.225

0.143

0.046

-

-

0.012

0.100

-.078

0.306

-

-

-.067

-.001

0.093

-

-

0.024

0.177

0.000

-.047"'
0.365

-

-.035

-.065

-.084

0.157

-

-

0.065

-

-.109

-.059

0.075

-

-.034nt
-.196

-

-

-.011"'
-

-.011"'
-

-.034"'
-.071

0.100

-.023"'
-

-.047"'
-

0.177

-.154

-.023"'
-

0.178

-.034"'
-.098

0.067
0.007
-.121
0.000

-

0.120

-

-

-

-

-.256

-

-

-

0.154

-.015

0.168

-

-

-

0.131

-

-

-.111

-.040

-

-

-

0.066

-.047"'
0.050

-

-.356

-

-

-.005

-

-

-

0.269

-.268

-

-.027"'
-.063

-

~

0.175
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-.011"'
-

-.125
0.007

Table 3.4. Single-locus and 6-locus weighted mean values of the standardised genetic
variance (0) for all 22 east coast populations, and expected heterozygosities (He) for
each locus. All 0-values were highly significant (%2; P < 0.001). The value of HQ for
each locus is based on m e a n allelic frequencies across all populations.

All east coast

0

He

Lt-1

0.165

0.236

Lt-2

0.280

0.573

Oct

0.188

0.245

Pgm-1

0.068

0.016

Pgm-2

0.053

0.023

Sod-2

0.264

0.514

Weighted mean (±SE)

Mean (±SE)

= 0.239(0.011)

= 0.167(0.038)

Locus
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Figure 3.3. U P G M A dendrogram (Sokal & Sneath 1963) showing the genetic
relatedness of 26 collections of Bedeva hanleyi sampled over 4719 km of the coast of

eastern and southern Australia, as estimated by Nei's (1978) unbiased genetic distanc
(D). Local populations are numbered in order of occurrence from north east to south

west. For east coast populations, N = northern region and S = southern region. For no
east coast populations, WA = West Australia, SA = South Australia.
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SP-1 N
TW-4N
CU-3 N
TA-2 N
Kl-5 N
FR-25 WA

{

CH-26 WA
PE-24 WA
YA-6N
NA-7 N
SW-8N
PO-9 N
NE-10N
PA-11 S
CA-1 6 S
HU-17
S
AD-23 SA

p- GE-12
GE-1 2 S
L NR-21
S
SH-1 5 S
BE-19S
OB-20 S

rC

MI-14S
ED-22 S
SU-18 S
WA-13 S

0.20

0.15

0.10
GENETIC DISTANCE
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0.05

0.00

O n the east coast of Australia, the four loci which were variable in a majority of
populations (Lt-1, Lt-2, Oct and Sod-2) all revealed strong correlations (r2 = 0.59 to
0.77) between latitude and the frequency of their most common allele (Figure 3.4). The
most common alleles for Lt-1, Oct and Sod-2, increased in frequency from north to

south, whilst that for Lt-2 declined in the same direction. The most dramatic latitudina
changes in frequency occurred at the loci Lt-2 and Sod-2. For example, in the most
northerly populations sampled (The Spit) the alleles Lt-2 10° and Sod-2 10° occurred at
frequencies of 0.744 and 0.011 respectively. However in the southernmost population
(Eden), the relative frequencies of these alleles was almost completely reversed,
becoming 0.089 and 0.744 respectively.

Of the 29 alleles found in east Australian populations, there were 8 alleles that were
only present above 33° S, and 9 that only occurred below this latitude. However, only
one of these alleles, Sod-2
2

124

124

, was close to being characteristic of an entire region. S

occurred in 9 out of the 10 northern populations at frequencies ranging from 0.022

to 0.844 (mean = 0.394). All other regionally unique alleles were present at low
frequencies in only small numbers of populations. Excluding Sod-2

124

, the alleles

found only above 33° S occurred in 1 to 6 populations (mean = 2.57) at frequencies
ranging from 0.011 to 0.227 (mean = 0.066). Those found only below 33° S occurred in
1 to 3 populations (mean = 1.89) at frequencies between 0.011 and 0.389 (mean =
0.084). The UPGMA dendrogram based on values of Nei's (1978) genetic distance (D)
places northern and southern populations in separate non-overlapping clusters,

indicating that genetic differences within each region are smaller in all cases than th
between regions (Figure 3.3). Pairs of northern populations were clustered at D-values

ranging from 0.01 to 0.162, whilst southern populations clustered at values ranging from
0.003 to 0.095. D-values for pairings of northern and southern populations ranged from

0.02 to 0.355. At the lowest clustering level, northern populations are grouped with the
immediate neighbours, whilst those in the southern region appear randomly grouped in
most instances.
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Figure 3.4. Latitudinal variation among the 22 east coast populations of Bedeva hanleyi
in the frequency of the most common allele for each of the six allozyme loci surveyed.
In each figure, data are presented separately for the 10 collections from the northern
region (The Spit to Nelson Bay) (o), and the 12 collections from the southern region
(Patonga to Eden) (•).
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3.3.2

Test 1 of the EAC/Gene

flow Hypothesis: Genetic Variation

Within Populations

Allozyme diversity was greatest within northern populations (Table 3.2). These

populations displayed a greater percentage of variable loci (mean = 70.0%, cf. 58.3% for
southern pops.), more alleles per locus (mean = 2.2, cf. 1.8 for southern pops.), and
higher expected heterozygosities (mean = 0.299, cf. 0.185 for southern pops.). However,

differences between northern and southern populations were only significant (one-taile
Mest; P < 0.05) for mean numbers of alleles per locus, and for levels of expected
heterozygosity. Moreover, levels of both of these measures exhibited the same spatial
pattern among east coast populations (Figure 3.5). From 28 to 33° S (The Spit - Nelson

Bay), numbers of alleles per locus and levels of expected heterozygosity are relativel
constant, but below 33° S, both decline sharply. The percentage of variable loci (95 %
criterion) in each collection exhibited a similar spatial pattern, except that three
collections in the southern region (Georges River; Callala; Huskisson) had more, or as
many variable loci as the maximum for the northern region (Table 3.2). The
geographical point at which mean allozyme diversity within populations begins its

latitudinal decline (-33° S), is exactly the point at which there is a significant cha
the allelic composition of populations (as indicated by the UPGMA dendrogram of D values).

3.3.3 Test 2 of the EAC/Gene flow Hypothesis: Levels of Genetic
Variation Among Populations

Average differentiation among the 12 southern populations (weighted mean 0 = 0.156)
was 51.5% higher than that among the 9 northern populations (weighted mean 0 =

0.103) (Table 3.5). Of the six single-locus values of 0, only the value for Sod-2, wa
highest in the northern region (0.184; cf. 0.099 for the southern region). The highest
value of 0 for any single locus (0.211) was produced by Lt-2 in the southern region.
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Figure 3.5. Latitudinal variation in levels of allozyme variability among 22 populations
of Bedeva hanleyi on the east coast of Australia. Allozyme variability was measured in
terms of (A) the percentage of variable loci ( 9 5 % criterion), (B) the m e a n (±SE) number
of alleles per locus, and (C) mean (±SE) Hardy-Weinberg expected heterozygosity (H e ) .
In each figure, data are presented separately for the 10 collections from the northern
region (The Spit to Nelson Bay) (• ), and the 12 collections from the southern region
(Patonga to Eden) (• ).
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Table 3.5. Single-locus and 6-locus weighted mean values of the standardised genetic
variance (0), and single-locus expected heterozygosities (He ), calculated separately for
Bedeva hanleyi in northern and southern regions of the east coast of Australia. The
northern region comprises 9 collections from sites spanning 406 km, whereas the
southern region comprises 12 collections from sites spanning 420 km. All non-zero 0values were highly significant (%2; P < 0.001).

e(#e)
Locus

Northern region

Southern region

Lt-1

0.068 (0.407)

0.100 (0.094)

Lt-2

0.066 (0.450)

0.211 (0.674)

Oct

0.050 (0.460)

0.079 (0.066)

Pgm-1

0.000 (0.002)

0.070 (0.027)

Pgm-2

0.000 (0.002)

0.051 (0.040)

Sod-2

0.184 (0.674)

0.099 (0-381)

0.103 (mean He = 0.333)

0.156 (mean H e = 0.214)

0.018 (0.111)

0.025 (0.107)

Weighted mean
±SE
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Whilst there is a relatively uniform trend among loci towards larger 0-values in the
southern region, in both regions, estimates of differentiation vary considerably among
loci (Table 3.5). For the northern region, single-locus 0-values ranged from zero for the
loci Pgm-1 and Pgm-2, up to 0.184 for Sod-2. However, Pgm-1 and -2 were effectively
monomorphic in the northern region (only 1 heterozygote each), and so 0-values have
little significance. Pgm-1 and -2 also produced the smallest values of 0 for the southern
region (0.07 and 0.051 respectively). All non-zero 0-values were highly significant (%2;
P < 0.001). For both northern and southern regions, there was a strong positive
correlation between single locus 0-values and expected heterozygosities (He) (OLS r 2 =
0.806 and 0.849 respectively; Figure 3.6).

In order to assess whether the difference in weighted mean 0-values between northern
and southern region might have resulted from the fact that different numbers of
populations were sampled in each region (9 versus 12 respectively), a n e w value of 0
was re-calculated for the southern region using a data set from which three nonboundary populations had been randomly excluded. Because 0 should be dependent on
the scale of sampling in a stepping-stone species (Kimura & Weiss 1964), only nonboundary populations were excluded in order that the m a x i m u m separation of
populations remain unchanged. The n e w weighted mean 0-value (0.146) was still
substantially higher than that for the northern region (0.103).

3.3.4 Test 3 of the EA C/Geneflow Hypothesis: Spatial Patterns of
Differentiation

Indirect estimates of gene flow between pairs of population (M ) ranged between 0.71
and 10.62 immigrants per generation for the northern region (N = 36; m e a n = 3.54), and
between 0.62 and 19.02 immigrants per generation for the southern region (N = 66;
mean = 2.50) (Table 3.6). The distance separating the pair of populations that produced
the largest value of M

for the southern region (276 k m for N A - > G E ) was almost an
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Figure 3.6. T h e relationship between single-locus 0-values and expected heterozygosity
(He) for northern populations (o), and southern populations (•) on the east coast of
Australia. Values of He are based on mean allele frequencies for each set of populations.
Both sets of populations spanned similar geographic distances (406-420 km).
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Table 3.6. Indirect estimates of gene flow between pairwise combinations of local
populations (M; immigrants/generation) (above diagonal), and shortest nautical distance
between locations (km) (below diagonal) for (A) northern and (B) southern regions of
the east coast of Australia.

(A). Northern region.
SP

TA

CU

TW

KI

YA

NM

SW

PO

SP

•

2.97

3.15

8.80

2.54

4.77

3.10

1.45

1.69

TA

16

•

4.46

7.52

9.09

2.71

1.51

1.40

1.78

CU

22

6

•

7.34

2.89

4.83

2.08

1.53

1.57

TW

32

16

10

•

3.10

4.12

2.52

1.80

2.51

KI

44

28

22

12

•

1.57

0.89

0.71

0.94

YA

182

166

160

150

138

•

8.69

4.46

3.31

NM

316

300

294

284

272

142

•

10.62

2.15

SW

344

328

322

312

300

168

30

•

2.95

PT

406

390

384

374

362

230

90
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•

(B). Southern region.
PA

GE

WA

MI

SH

CA

HU

SU

BE

OB

NA

ED

PA

•

3.06

1.65

1.86

2.97

2.98

3.40

0.62

1.05

1.50

2.34

1.21

GE

85

•

1.65

2.42

6.12

3.11

2.37

0.87

3.41

2.66

19.02

1.70

WA

95

30

•

1.00

4.35

1.53

1.29

0.48

0.79

1.11

1.10

0.86

MI

170

110

93

•

2.09

4.54

1.70

3.08

0.56

1.35

3.28

13.78

SH

180

118

110

35

•

4.05

3.09

0.68

1.65

2.35

3.30

1.55

CA

197

153

135

64

37

•

10.81

1.01

0.89

1.64

2.41

2.47

HU

198

154

136

65

38

5

•

0.53

0.91

1.23

1.66

1.08

SU

208

164

146

72

50

36

34

•

0.24

0.59

1.04

4.16

BE

212

168

150

76

54

44

42

10

•

0.99

1.62

0.45

OB

270

226

208

134

112

102

100

78

70

•

2.10

1.73

NA

320

276

258

184

162

152

150

124

116

58

•

2.02

ED

420

376

358

284

262

248

246

222

214

160

102

•
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order of magnitude greater than the distance between the pair that produced the largest
M -value for the northern region (30 k m for S W — » N M ) .

To investigate whether a single locus had a large effect on the mean M -value for either
the northern or southern region the matrix of M

-values for each region was re-

calculated by alternately excluding data for each locus. For the northern region, it was
found that the locus Sod-2 had a large effect on the mean M -value for that region.
Alternately excluding all single loci except Sod-2 , resulted in mean M -values ranging
from 3.01 to 3.78.

However when data for Sod-2 was excluded a mean M of 8.39 was obtained for the
northern region. This finding is consistent with the fact that Sod-2 was the only locus
that produced a higher 0-value in the northern region compared to the southern region
(Table 3.5). Alternately excluding data for single loci from the southern region data set
had little effect on the value of mean M (range 2.49 to 2.59).

For northern populations, RMA regression of logio M on logio distance of separation
(km) (Figure 3.7) revealed a slope of -0.54, bounded by asymmetric 95 % confidence
limits at -0.41 and -0.70 (Table 3.7). Mantel's randomisation test showed that the O L S
correlation between logio &

and

l°gl0 distance of separation in the northern region was

highly significant (r2 = 0.382; P < 0.001). The significant negative correlation implies
isolation by distance among northern populations but the slope does not match
equilibrium expectations for a one-dimensional stepping-stone array. The

same

regression for data from southern populations (Figure 3.7) yielded a slope of +0.96
(with asymmetric 95 % confidence limits at 0.75 and 1.23; Table 3.7), but there was
effectively no correlation between data (OLS r 2 = 0.001; P > 0.5); i.e. there is no
relationship between the divergence of southern populations and their distance of
separation.
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Figure 3.7. Logio estimates of gene flow (M ; immigrants/generation) versus logio
distance of separation (km) for all pairwise combinations of (A) 9 populations in the
northern region of eastern Australia (• ), and (B) the 12 local populations in the
southern region (o). Values of M are based on 6-locus weighted mean values of 0. For
data from both northern and southern regions, regression lines are fitted to show the
RMA relationship between observed values of logio $ and logio distance of separation
(d). For the northern region; logio $ = 1.54 - 0.54 logio d. For the southern region;
logio $ = -1.73 + 0.96 logio d- The OLS correlation coefficient (r2) for the northern

region (0.38) was highly significant (P < 0.001), as judged using Mantel's randomisat
test (Manly 1991), whilst that for the southern region (0.001) was not significant (P
0.05).
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Table 3.7. Correlation coefficients (OLS r2), and y -intercepts and slopes from R M A

regressions of logio M (immigrants/generation) versus logio nautical distance (km)
data from northern and southern regions of the east coast of Australia.

Regional set of east coast populations

OLS r

2

RMA
intercept

Northern Region. (9 pops.) 0.382*** 1.54 -0.54
- The Spit, QLD. to Pt. Macquarie, NSW. (-0.41 /-0.70)
(maximum separation 406 km)

Southern Region (12 pops.) 0.001ns- -1.73 0.96
- Patonga, NSW, to Eden, NSW. (0.75 A .23)
(maximum separation 420 km)
n.s.; not significant: ***; P < 0.001
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R M A slope
(upper/lower
9 5 % C.L.)

For both northern and southern regions, there were only slight differences between the
original R M A slopes and those calculated by alternately excluding data from each of the
six loci (Table 3.8). For northern populations, slopes for all possible 5-locus subsets of
data ranged from -0.53 to -0.63 (cf. slope for all loci = -0.54). For southern populations,
slopes for all possible 5-locus data sets ranged from 0.97 to 1.15 (cf. slope for all loci =
0.96). This indicates that the observed relationship between M

and distance of

separation was not disproportionately influenced by any one locus in either region.

3.4 DISCUSSION

Findings from the present chapter, in conjunction with those from Chapter 2, show that
across more than 4700 k m of the coast of Australia, between southern Queensland and
West Australia, the genetic structure of the direct developing gastropod Bedeva hanleyi
is consistent with the predicted effects of philopatric dispersal. In all areas that were
intensively sampled, populations separated by relatively short distances (37 to 95 k m )
exhibited moderate to high levels of differentiation (weighted m e a n 0 = 0.055 to 0.239).
This suggests that local populations exchange very few genetically effective migrants
and evolve more or less independently of one another. Nevertheless, on a smaller scale,
it would appear (from values of the fixation index, f) that dispersal occurs over
sufficiently large distances that there is random mating within populations. The
observation of high levels of differentiation over relatively short distances is consistent
with findings for other species of direct developing gastropod, both in Australia
(Johnson & Black 1991, Chapter 2), and in other parts of the world (Grant & Utter
1988, W a r d 1990).

The most important new finding to emerge from this study is that on the east coast of
Australia there is a close spatial correlation between the behaviour of the major surface
current in the region (the E A C ) , and several aspects of the genetic population structure

82

Table 3.8. The effect of alternately excluding data from each of the six surveyed loci on
y -intercepts and slopes of R M A regressions of logio & (immigrants/generation) versus
logio nautical distance (km), for northern and southern regions of the east coast of
Australia.

Locus
excluded
-Lt-1

-Lt-2

-Oct

- Pgm-1

- Pgm-2

- Sod-2

RMA

R M A Slope

Intercept

(Upper / Lower 9 5 % C.L.)

Northern
region

Southern
region

Northern
region

Southern
region

1.71

-1.81

-0.63

1.00

(-0.48/-0.81)

(0.78/1.27)

-0.61

1.00

1.66

1.55

1.54

1.54

2.03

-1.81

-1.77

-1.75

-1.78

-2.15
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(-0.45 / -0.82)

(0.78/1.27)

-0.58

0.97

(.0.44 / -0.77)

(0.76/1.24)

-0.53

0.97

(-0.41/-0.70)

(0.76/1.24)

-0.53

0.99

(-0.41/-0.70)

(0.77/1.26)

-0.62

1.15

(-0.46 / -0.82)

(0.90/1.47)

of Bedeva hanleyi. Between 26 and 33° S where the E A C is strong flowing and parallel
to the coast, there was a significantly higher m e a n level of genetic variation within
populations (He = 0.299 , and a lower level of variation a m o n g populations (weighted
mean 0 = 0.103). Within this region it was also found that there was a significant
positive correlation between the divergence of populations (as indicated by M) and their
distance of separation, (i.e. there was isolation by distance), although the pattern was not
consistent with the expectation for equilibrium between genetic drift and stepping-stone
gene flow in one dimension. In contrast, between 33 and 38° S, where there is a greater
tendency for surface water away to flow away from the coast, there was typically less
variation within populations (He = 0.185

and more variation a m o n g populations

(weighted m e a n 0 = 0.156). Within this southern region there was zero correlation
between the divergence of populations and their distance of separation, implying that
genetic drift and stepping-stone gene flow are further from equilibrium than in the
northern region. Taken together, these findings provide strong support for the hypothesis
that on the east coast of Australia, the behaviour of the E A C results in higher average
gene flow a m o n g northern populations (T 33° S), as compared to southern populations
(I 33° S). The fact that a species with direct development revealed different patterns of
subdivision in northern and southern regions, but that similar species with planktonic
development are effectively panmictic across both regions (Hunt 1993a, Murray-Jones
& Ayre, In press), supports the proposition that species with inherently low gene flow
potential should provide the best opportunity for resolving slight but persistent spatial
differences in environmental factors that affect gene flow.

Whilst it was expected that northern and southern regions should differ with respect to
levels of variation within and a m o n g populations, it was not anticipated that they should
exhibit a marked difference in their allelic composition. Cluster analysis revealed a clear
subdivision of east coast populations into northern and southern groups. However, this
split is largely attributable to the occurrence of only one allele that is present at a high

84

frequencies in the majority of northern populations, but is not present in any southern
population.

The only finding from this study that contradicted a previously held expectation was th
the four populations from South and West Australia were genetically very similar to
many east coast populations. Given the large distances involved (-1400 to 3700 km),
the fact that currents appear to provide few opportunities for migrant connections
(Creswell 1993), and the results of similar surveys for other Australian marine
invertebrates (Ayre 1984, Ayre 1991, Hunt 1993a, Billingham & Ayre 1996), it was
expected that there should be large genetic differences between these sets of
populations.

3.4.1 Effects of the EAC: Genetic Variation Within and Among East
Coast Populations

Whilst the overall trend was towards lower intra-population variability below 33° S, it
noteworthy that five southern populations (Patonga, Georges River, Warumbul, Callala
and Huskisson) had percentages of variable loci, mean numbers of alleles per locus and
mean expected heterozygosities that were more in keeping with northern populations.
Patonga, Georges River, Warumbul are in fact the three most northerly 'southern

populations', and as such, it is probable that the high levels of variability within th

populations are simply an indication that the behaviour of the EAC causes the potential

for gene flow to decline gradually below 33° S rather than drop off abruptly. This woul

be consistent with the fact that the strong southward flow of the EAC does occasionally
extend well below 33° S (Hamon 1965, Louis 1989). However, there is another factor
that may have partially, or even wholly contributed, to the higher levels of intra-

population variability in all five populations. That is, these five populations are uni
among those sampled in the southern region in that they are located within large

estuaries in which there are several other populations in relatively close proximity. E
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if the m o v e m e n t of individuals does not produce completely random mating within each
estuary, it would still seem likely that effective population sizes (Ne) at Patonga,
Georges River, Warumbul, Callala and Huskisson are all larger than those at the other
seven other locations where collections were made in the southern region. Since the rate
at which isolated populations lose variability under genetic drift is inversely
proportional to Ne (Wright 1931), populations in these larger estuaries may have
retained relatively high levels of variability despite receiving few recruits from other
estuaries.

Another inconsistency in allozyme data that requires explanation is that, whilst the
overall trend (as indicated by 5 out of 6 loci) was towards higher levels of
differentiation among southern populations, there was considerable variation in both
regions in the values of 0 for individual loci. Since genetic drift, gene flow and the
mating system of a species should affect all loci equally, the usual explanation for
heterogeneity of 0-values across loci is that some loci are affected by natural selection
(Lewontin & Krakauer 1973, Slatkin 1985). Nevertheless, it may be difficult to
determine if the geographically more uniform loci been subject to stabilising selection
despite low gene flow, or, are the more geographically variable loci subject to
diversifying selection despite high gene flow. Ignoring the a priori expectation of low

gene flow based on the life history of Bedeva hanleyi, certain inherent characteristics of

the loci assayed point strongly to stabilising selection at the least geographically vari
loci. In both northern and southern regions the least variable loci were Pgm-1 and-2, and

to a lesser extent Oct. A characteristic of these loci that could make them more likely to

be influenced by stabilising selection is that they are all so-called group-I enzymes; i.

they have only one substrate that is typically intra-cellularly generated (Gillespie 1991)
The three more geographically variable loci (Lt-1, Lt-2 and Sod-2 ) commonly act on a
broader range of extra-cellularly generated substrates, and are therefore classified as
group-H enzymes. In many species it is common for Group-I enzymes to be much less
polymorphic both within and between populations (Gillespie 1991). The general
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explanation for this has been that Group-I enzymes operate within a more 'constrained'
environment and as such are less tolerant of mutations; i.e. there tends to be stabilising
selection for one particular form of the enzyme. A s consequence, Group-I enzymes are
likely to produce far fewer neutral alleles than Group-H enzymes. Fewer neutral alleles
would m e a n less power to resolve the effects of low gene flow and consequently lower
0-values. Having said all that, W a r d et al. (1992) cites data for a number of species
which shows that Pgm

is one of the most variable loci assayed. Regardless of the

situation in other species, if the Pgm loci and Oct are affected by stabilising selection in
Bedeva hanleyi, then the fact that they all revealed more differentiation in the southern
region, would suggest strongly that they are also influenced by gene flow and genetic
drift.

As further indication that gene flow is weakest in the southern region, it is noteworthy
that whilst the average heterozygosity of loci, and therefore their resolving power, was
highest in the northern region, weighted m e a n 0 was highest in the southern region. H a d
the southern region produced the highest 0-values and had the most heterozygous loci it
could have been argued that the difference between regions was merely an artefact of
the resolving power of loci. It is also worth pointing out that Sod-2 in the northern
region and Lt-2 in the southern region had identical heterozygosities (He = 0.674), yet
produced 0-values of 0.184 and 0.211 respectively. This suggests that w h e n resolving
power is a constant, greatest differentiation is seen in the southern region.

3.4.2 Effects of the EAC: Genetic Drift and Stepping-stone
Gene

Flow

Because of its non-dispersive life history and the geography of the east coast of
Australia, it was felt that the underlying population structure of Bedeva hanleyi satisfied
the requirements of the one dimensional stepping-stone model (Kimura & Weiss 1964).
According to this model, w h e n populations are at equilibrium under gene flow and
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genetic drift, a regression of logio &

on logio distance of separation should reveal an

inverse correlation (indicating isolation by distance) with a slope of -1.0 (Slatkin &
Maddison 1990, Slatkin 1991). The rate at which gene flow and drift approach to
equilibrium is determined by the inverse of the migration rate (m) (Crow & Aoki 1984).
These facts, in conjunction with the EAC/gene flow hypothesis, led to the prediction
that populations of B. hanleyi in the northern region should conform most closely to
equilibrium expectations. For the 9 northern populations there was a significant inverse
correlation between logio &

and logio distance of separation (km), but the slope

obtained (-0.54) was only about half as steep as the equilibrium expected slope (-1.0).
This implies that there is isolation by distance, but that the pattern does not conform
precisely to expectations for equilibrium conditions in a one-dimensional stepping-stone
array. For the 12 southern populations, M -values were typically lower than those for
northern populations (mean M

= 2.5, cf. 3.5 respectively), but there was almost zero

correlation between data. These findings suggest that populations in the southern region
are (1) further from equilibrium, and (2) equilibrating under lower average gene flow
than those in the northern region. In fact, since southern populations produced such low
values of M

but there was absolutely no indication of isolation by distance, it m a y be

that m a n y populations in this region are equilibrating under zero gene flow (Slatkin
1993). If this were the case, then even at equilibrium there would be no pattern of
isolation by distance (Slatkin 1993).

Whilst there was no evidence that the average spatial pattern in either region was great
affected by any single locus, given the extent to which expected heterozygosities varied
among loci, it is almost certainly the case that the reason w h y individual loci conformed
to the average pattern will have differed from locus to locus. Since values of M

are

weighted towards the most variable loci, excluding a locus could have negligible effect
on the overall pattern if either (1), the locus was highly variable and conformed to the
overall pattern, or (2), the locus was only weakly variable and m a d e little contribution in
the first place. B y referring to the expected heterozygosities for the six loci in the
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northern region (Table 3.5), it can be seen that the overall relationship between M

and

geographic distance in this region was effectively due to only four loci, Lt-1, Lt-2, Oct
and Sod-2. The loci Pgm-1

and -2 revealed only a single heterozygote each in the

northern region, and therefore m a d e almost zero contribution to the overall pattern in
this region. In the southern region only Lt-2 and Sod-2 m a d e a large contribution to the
overall pattern. However all four of the less variable loci m a d e a m u c h greater
contribution than did Pgm-1 and -2 in the northern region. In conclusion, whilst there is
less certainty than if there was concordance of pattern across six unlinked and equally
heterozygous loci, the fact that at least four unlinked loci with moderate to high
heterozygosities all revealed the same differences between northern and southern
regions suggests strongly that spatial patterns are primarily determined by gene flow and
genetic drift, and not natural selection.

Since the expected heterozygosities of loci were typically lower in the southern region
(mean #e/locus = 0.214) than in the northern region (mean //e/locus = 0.333), data for
the southern region should have less power to detect isolation by distance. Hence there
is a possibility that isolation by distance exists in the southern region but that it was not
detected because of the lower resolving power of loci. However, it is argued here that
the slightly weaker resolving power of loci below 33° S should have been partly
compensated for by the fact that, because of the different numbers of populations
sampled (12 versus 9), the regression of M

on distance for the southern region was

based on nearly twice as m a n y pairwise comparisons (66 cf. 36) as that for the northern
region; i.e. the lower resolving power of loci in the southern region was compensated
for by a more statistically powerful regression analysis.

Although the population structure of Bedeva hanleyi appears to satisfy the major
requirements of the one-dimensional stepping-stone model (i.e. predominantly short
distance gene flow a m o n g linearly arranged populations), there is one aspect in which it
probably differs and this m a y have implications for the spatial pattern that emerges
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under equilibrium conditions. The one-dimensional stepping-stone model requires, not
only that gene flow should proceed largely between adjacent populations, but also that it
should be equally strong in both directions (Kimura & Weiss 1964). The criterion that
was used to assess whether populations of Bedeva hanleyi are at equilibrium (i.e. a slope
of -1.0 for a regression of logio &

on logio distance) was based on this assumption.

However on the east coast of Australia, and especially above 33° S, long-shore currents
are predominantly southward flowing ( H a m o n 1965, H a m o n & Kerr 1968, Godfrey et
al. 1980). Consequently, the flow of passive migrants among east coast populations is
likely to be strongest from north to south. Unfortunately it is not k n o w n what effect this
pattern of gene flow should have on the equilibrium relationship between logio $

on

logio distance. Since the basic pattern would still be one of isolation by distance, the
conclusion that southern populations are furthest from equilibrium would not be
affected. However it does raise the possibility that the northern region is not just close
to, but actually at equilibrium. Computer simulations of stepping-stone populations with
predominantly uni-directional gene flow should be conducted to test this hypothesis.
The findings from such an investigation would have broad applicability as it is likely
that m a n y marine species with spatially restricted but passive dispersal experience
stronger gene flow in one direction. Predominantly uni-directional currents prevail at the
margins of almost all of the worlds major oceans (Thurmann 1988).

3.4.3 Alternatives to the EAC/Gene flow Hypothesis

Several aspects of the genetic population structure of Bedeva hanleyi on the east coast
Australia are consistent with the hypothesis that, because of the behaviour of the E A C ,
the average strength of gene flow is weakest between 33 and 38° S. Whilst this finding
does not prove causality, it is difficult to conceive any other set of circumstances that
could have produced the same set of data. T o recapitulate, an alternative explanation
would have to explain w h y populations below 33° S exhibit (1) less variability within
populations, (2) more variability a m o n g populations, and (3) no isolation by distance. In
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principle, natural selection can produce any spatial pattern at any number of unlinked
loci. In reality, the probability that selection is the cause of given pattern of
differentiation declines sharply as the number of unlinked loci that share that pattern
increases (Lewontin & Krakauer 1973, Slatkin 1985). Since the findings summarised
above were the product of shared patterns at between 3 and 5 apparently unlinked loci, it
would seem unlikely that selection was the cause. A n additional argument against
selection being the cause of the observed regional differences is that, even if all loci
were tightly linked, it would be necessary to invoke three kinds of selective difference
between northern and southern regions. Firstly, to produce the observed regional
difference in intra-population allozyme diversity, selection would have to be stabilising
within southern populations and more diversifying in northern populations. Secondly,
the trend towards higher 0-values in the southern region could only c o m e about if
selective differences a m o n g southern populations were greater than those a m o n g
northern populations. Lastly, for there to be isolation by distance in the northern region
but not in the southern region, selective differences between populations would have to
correlate positively with distance of separation in the northern region, but vary randomly
a m o n g southern populations. Regardless of the question of linkage, it is difficult to
envisage h o w the selective regime of northern and southern regions could be this
different.

Alternative explanations that do not rely on selection explain some, but not all of the
key findings. For instance, either recent colonisation, or higher levels of long distance
gene flow could explain the absence of isolation by distance in the southern region,
however it would not explain w h y there is greater population subdivision. Similarly,
smaller effective population sizes could explain w h y there is greater subdivision in the
southern region, but it would not explain the absence of isolation by distance.
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3.4.4

The Distributions of Allozyme

Polymorphisms

The dendrogram constructed using values of Nei's genetic distance (D) (Figure 3.3)
indicates a marked difference in the allelic composition of populations above and below
33° S. However, on inspection of the distributions of individual alleles it appears that

this split between northern and southern populations is largely attributable to only one
allele; Sod-2

124

. This is the only allele that comes close to being a fixed characteristi

of one regional set of populations. Sod-2

124

occurred in 9 of the 10 northern

populations and was absent from all southern populations. Moreover, where present,
Sod-2

124

generally occurred at high frequencies (0.022 to 0.844; mean = 0.394), thus

accentuating the contrast with southern populations. Although the EAC tends to diverge
from the coast around 33° S there are also times when it flows well into the southern

region (Louis 1989, Hamilton 1992). Consequently, it is unlikely that the regional 'split

with respect to this allele is because of a physical barrier to gene flow. It is most lik
related to the overall north-south decline in frequency that is seen for Sod-2

124

within

the northern region. If this supposition is correct, then the next pertinent question to

of the Sod locus (a question that also applies to the other loci that exhibit clinal cha

in the northern region) is, does this pattern reflect latitudinal selection or isolation
distance? Because the area around 33-34° S is the most common location of the
convergence between the warm EAC and the cold Tasman front (Hamilton 1992), it is
tempting to suggest that distribution of Sod-d

124

may be determined by selection with

respect to water temperature. However, if the distribution of Sod-2

124

was determined

by the interaction of genetic drift and stepping-stone gene flow, then it could be merely
coincidental that its disappearance correlates with the convergence of warm and cold
waters. Information on the thermal properties of marker alleles could greatly assist in
the interpretation of spatial genetic patterns in Bedeva hanleyi (e.g. Hoffman 1981).

Despite the fact that there were large genetic differences among many east coast
populations, there was no subdivision whatsoever between east coast populations and
92

those from south and West Australia. In fact, the alleles present in South and West
Australian populations were simply a subset of those detected on the east coast.
Moreover, they occurred in similar combinations and at similar frequencies in both
regions. This observation is in marked contrast to findings from comparable surveys of
other Australian marine invertebrates. For instance, in the planktonically dispersed sea
anemone Actinia tenebrosa there are only small genetic differences between populations
from West Australia, South Australia, Victoria and even N e w Zealand, but all differ
substantially from those on the east coast (Ayre 1984, Ayre et al. 1991). The direct
developing starfish Pateriella exigua also shows marked subdivision between east coast
populations, and populations from southern Victoria (Hunt 1993a). The extent to which
these spatial patterns result from a physical impediment to gene flow or selective
differences between regions is uncertain, nevertheless it was expected that at least one
of these factors would have caused some divergence between east coast Bedeva hanleyi
and those from South and West Australia. O n e possible explanation for the high
similarity between these sets of populations might be the occurrence of cryptic variation
(i.e. divergent alleles with similar electrophoretic mobilities). The application of
sequential electrophoresis would be one means of testing this hypothesis (Singh et al
1976). Information from other classes of genetic marker, e.g. mitochondrial D N A , could
also prove instructive in elucidating the genetic inter-relationship between east, South
and West Australian populations of B. hanleyi.

Another possible explanation for the high degree of similarity between east coast
Bedeva hanleyi and B. hanleyi in South and West Australia is that populations in South
and West Australia might be recent introductions derived from east coast stocks. At the
Australian M u s e u m in Sydney, it is recorded that B. hanleyi is restricted to eastern
Australia, whilst its morphologically similar putative congener B. paivae, is restricted to
Victoria and South and West Australia. Whilst data from elsewhere (Hope Black 1976,
Hoskin, unpubl. data) imply that in Victoria and West Australia, B. paivae is a distinct
species [it can be distinguished from B. hanleyi genetically and by at least two other
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traits; (1) male and female B. paivae are consistently different in size (males are smaller
than females); (2) embryos of B. paivae undergo direct development without nurse egg
feeding], data from this chapter clearly shows that the range of B. hanleyi now overlaps
with the range attributed to B. paivae. Unfortunately, since only empty shells of Bedeva
are held at the Australian museum, and at this stage the two forms are not
distinguishable by shell characteristics, it is not known which, if any, of the putative

paivae collections are actually collections of B. hanleyi It is therefore impossible at t
stage to determine whether (1) fi. hanleyi has always occurred in south and west

Australia but was not recognised because of its superficial similarity to B. paivae, or (
the range previously attributed to B. hanleyi (Australian museum, unpubl. data) is
correct, and the samples obtained from south and west Australia for this chapter are the

result of recent introductions. The evolutionary history of B. hanleyi in different regio

of Australia is obviously a topic that requires further investigation. At this point it i
also worth emphasising that, during the course of this investigation, no evidence,
genetic or otherwise, was ever found which might imply that B. paivae also occurred in
eastern Australia.

3.4.5 Conclusions

Evidence from a number of aspects of the genetic structure of Bedeva hanleyi indicates
lower average gene flow in the region below 33° S on the east coast of Australia. As
such, findings conform exactly to predictions made on the basis of the behaviour of the
EAC. However, the predictions made were not intended to be specific to B. hanleyi,
rather they were intended to be equally applicable to any species residing on the east
coast of Australia whose underlying population structure resembles the stepping-stone
model. Additional support the 'EAC/gene flow hypothesis' would therefore be provided
by findings which show that the patterns observed at allozyme loci in B. hanleyi also

occur in other 'stepping-stone species' on the east coast of Australia. To strengthen the
interpretation of genetic population structure, future studies should also make use of
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comparisons of the spatial patterns revealed by different classes of genetic marker
within the same species; e.g. comparison of the patterns revealed by allozyme versus
mitochondrial DNA polymorphisms. Comparisons of this kind for other marine
invertebrates have revealed contrasting conclusions about their genetic population
structures (e.g. Buroker 1983 cf. Reeb & Avise 1990 for the oyster Crassostrea
virginicd).
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CHAPTER 4

DIRECT ESTIMATION OF NEIGHBOURHOOD AREA AND
EFFECTIVE POPULATION SIZE FOR THE PHILOPATRIC
MURICID BEDEVA HANLEYI.

4.1

INTRODUCTION

Findings from the allozyme surveys reported in Chapters 2 & 3 imply that there is a high
degree of genetic subdivision in Bedeva hanleyi which appears to have resulted from
genetic drift in small populations (i.e. Ne < 1000; Shields 1993) exacerbated by low
rates of genetically effective migration (m). Having reached this conclusion, it is
proposed that direct measurement of Ne at sites typical of those sampled for the
allozyme survey would be an obvious and useful first step towards assessing the validity
of this conclusion in a manner that is independent of data from geographic surveys of
allozyme variation.

Whilst the evolutionary importance of Ne is well understood, there have been relatively
few attempts to estimate the effective size of natural populations. The major difficulties
in this regard are firstly that, the neighbourhood area is extremely hard to measure
directly, and secondly, that the relationship between actual (Na) and effective (Ne)
population number is highly complex. The neighbourhood area of a species is difficult
to measure because it is determined by the standard deviation of dispersal distances, and
the shape of the distribution of those distances over a full generation (Wright 1969). The
immediate consequence of this is that even low levels of long distance dispersal will
have a large influence on the size of the neighbourhood area. B y their very nature these
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events are extremely difficult to detect. Within the neighbourhood the ratio Ne/Na is
influenced by number of demographic parameters, the most important of which are, (1)
the ratio of males to females, (2) the magnitude of temporal fluctuations in abundance,
and (3) the extent to which individuals vary in reproductive output (Wright 1969). The
following section summarises the theoretical effects of each of these demographic
parameters.

Biased Sex ratios Whenever the sexes are present in unequal numbers, individuals
of the limiting sex will m a k e a disproportionately large contribution to the genetic
make-up of the next generation. For instance, In a population consisting of 2 equally
successful males and 5 equally successful females, each individual male contributes
2 5 % of the genes to the next generation (i.e. 5 0 % of the overall male contribution).
Conversely, each female contributes only 1 0 % of the genes to the next generation (i.e.
1/5 x 5 0 % ) . In a demographically stable population in which all individuals have equal
probability of being parents, Ne and the numbers of males (Nm) and females (Nf) are
related by following equation

Ne = 4NmNflNm + Nt

(Wright 1969). Ne will be similarly affected under an equal sex ratio if the mating
system is such that a few 'dominant' individuals of one sex have preferential access to
the opposite sex. Harem polygyny, as exhibited by elephant seal, is an example of one
such mating system (LeBoeuf 1974). Under this system a small proportion of the male
population compete for access to a large group of females. It is currently unknown
whether populations of Bedeva hanleyi exhibit either biased sex rations, or non-random
mate selection.

Temporal fluctuations in abundance On an evolutionary time scale, populations of
most species will fluctuate greatly due to factors such as disease, changes in habitat

97

quality and predation. Because the genetic effects of population bottlenecks can last for
m a n y generations (Nei et al. 1975, Chakraborty & Nei 1977), effective population size
will be most strongly affected by periods in which numbers are lowest. Consequently Ne
will be closer to the harmonic m e a n (N e ) of the numbers over a period than the
arithmetic m e a n (N e ) (Wright 1978). The harmonic m e a n of a series of numbers is
calculated as a function of the m e a n of the reciprocals (Zar 1984). Accordingly, N

e

would be calculated as follows:

#e = n/( I l/%}),

where Ne^ is the effective number in the ith generation and n is the number of
generations. If census numbers of males and females are k n o w n for several generations
effective population size should be calculated as the harmonic m e a n of the sex-ratioadjusted population sizes for each generation (Avise 1994).

Variation in reproductive output Even in a non-fluctuating environment with
random mating and equal numbers of males and females, it is likely that some
individuals in a population will leave more offspring than others (Avise 1994). Like the
effects of biased sex ratios, unequal production of offspring leads to a reduction in JVe
since a few individuals will be disproportionately represented in the gene pool of the
next generation. Under these circumstances, it is only w h e n offspring numbers follow a
Poisson distribution with m e a n (and hence variance) of 2.0 per parent that Ne = Na. In
general, variation in reproductive output should be greatest for species with extremely
high fecundities (Hedgecock et al 1992). Examples of such species include m a n y
marine organisms that release large numbers of planktonic larvae. Under random
mating, variation in the productivity of different individuals will result from two factors;
(1) differences in reproductive effort, and (2) differences in the proportion of offspring
that survive to reproduction. Proximate causes of variation in reproductive effort m a y
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include differences in age, body size, or health (i.e. status with regards nutrition,
disease, parasitism etc.). Groups of offspring from different parents m a y be
proportionally more successful because of differences in the genetic quality of offspring,
and/or differences in the amount of energy invested per offspring. For a variety of
species C r o w & Morton (1955) have estimated that variation in reproductive output
reduces effective population size relative to Na by a factor of 60-85%. Although nothing
is k n o w n directly about variation in individual productivity in Bedeva hanleyi,
opportunity for variation should not be as great as mating is via copulation rather than
free spawning (as in the species studied by Hedgecock et al. 1992), and fecundity is low
owing to the fact that individual offspring are provisioned with large quantities yolk that
enable them to emerge at an advanced stage of development (Shepherd & T h o m a s
1989).

Although there is no such thing as a typical value of Ne/Na, Nunney (1993) predicted
that under a wide variety of conditions (excluding the effects of long term temporal
fluctuations in abundance) it should be rare for NelNa to be either close to 1.0, or m u c h
less than 0.5. In support of this prediction, out of 18 estimates of NelNa obtained from
short term studies of certain species of insect, terrestrial mollusc, amphibian, reptile,
bird and m a m m a l (Crawford 1984), 13 estimates fell within the range 0.4 to 0.8. Using
data from similarly short term studies of a further 10 species of bird and m a m m a l ,
Nunney & Elam (1994) obtained seven estimates of Ne/Na that were also in the range
0.4 to 0.8, and three that were higher. In neither case was there a tendency for any
particular class of species to produce estimates of Ne/Na outside of the expected range.
However, low estimates of NelNa should be expected w h e n populations are studied for
long periods, as these types of study are more likely to reveal large fluctuations in the
size of population. W h e n a population size fluctuates significantly over time then it is
likely that NelNa will be 0.25 or less (Nunney & Campbell 1993). Since most of the
species on which the above estimates of typical NelNa are based exhibit moderate to low
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fecundities (cf. free spawning marine invertebrates), they should provide a good
indication of Ne/Na in Bedeva hanleyi.

This chapter describes an attempt to estimate neighbourhood area, and actual and
effective population sizes for the direct developing gastropod Bedeva hanleyi. Estimates
of the each of the above parameters were obtained for populations of B. hanleyi at each
of two sites on the south coast of N S W ; Warumbul and Minnamurra (Figure 4.1).
Populations at these sites were sampled for the allozyme surveys of Chapters 2 & 3, and
closely resemble populations at other sampled sites on the east coast of Australia.

4.2 MATERIALS AND METHODS

4.2.1 Estimation of Effective Population Size (Ne)

Na and Ne were estimated as the products of neighbourhood area (AN) and the actual and
effective densities (da and de) of breeding adults per m 2 of suitable habitat. The precise
methods by which estimates of A N , da and de were obtained are as follows:

4.2.1.1 Estimation of Neighbourhood Area (AN)

For intertidal species, such as Bedeva hanleyi, with predominantly linear distributions
neighbourhood area ( A N ) is the product of neighbourhood length ( L N ) and the breadth of
the tidal zone occupied by the species. If dispersal distances are normally distributed,
then neighbourhood length (L N ) can be calculated using the following equation;

neighbourhood length (LN) = 3.545 o
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Figure 4.1. Location of local populations used in the demographic study of Bedeva
hanleyi in south-eastern Australia.
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(Wright 1969), where o is the standard deviation of unidirectional dispersal distances
between birth and breeding sites. If the distribution of dispersal distances deviates from
normality (i.e distributions are either platy- or leptokurtic) the constant by which c is
multiplied is adjusted (from 3.545 for a normal distribution) to a n e w value (c)
determined by the direction and extent of kurtosis (as summarised by the co-efficient of
kurtosis Y 2 ) (Wright 1969). If dispersal distances are normally distributed, a linear
neighbourhood of length 3.545 a will contain 9 2 . 4 % of the parents of central
individuals (Wright 1969).

For local populations at Warumbul and Minnamurra, dispersal was investigated by
following the movements of individually tagged snails released at k n o w n points on the
shore. Tags consisted of numbered paper squares that was fixed to shells and
waterproofed by multiple applications of super-glue®. At each site, tagged snails were
released on two occasions. At Warumbul, 90 tagged snails were released on 28 M a y and
63 were released on the 21 July 1994. At Minnamurra, 71 tagged snails were released on
both the 27 M a y 1994 and the 27 July 1994. For each release event at each site, tagged
snails were divided roughly equally among three release points 5 m apart. The point of
release of each tagged snail was then recorded for future reference. Release points were
not physically marked but could be easily located via prominent local features. At each
site, the same release points were used for both release events.

As Wright (1969) outlined, neighbourhood area depends on the amount of dispersal in
one generation. Unfortunately, no estimate of the generation time of Bedeva hanleyi, or
any other similar sized direct developing muricid, was available at the time of the
experiment. However estimates of generation time for two species of direct developing
littorinid do exist in the literature. They are -365 days for the Australian species
Bembicium vittatum (Johnson & Black 1995), and -486 days for the European species
Littorina rudis (Hughes & Roberts 1981). O n the basis of these values it was decided to
retrieve tagged snails at the end of July 1995. Because the experiment involved small
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numbers of individuals at both sites, no distinction was m a d e between snails released in
May 1994 and those released in July 1994. Instead, it was assumed that all snails were

released at a point in time half way in between, i.e. at the end of June of that year. By
this reckoning, dispersal was measured over -400 days in both sites.

Although generation times for snails at Warumbul and Minnamurra were unknown at

the time of the investigation of dispersal, an attempt was made to obtain estimates after
the fact using information obtained from the dispersal investigation, on size specific
growth rates at each site (see section 4.2.2). To facilitate the determination of size
specific growth rates the shell lengths of snails used in the investigation of dispersal
were measured at both release and recapture. The estimates of generation time that were
obtained permitted a retrospective assessment of the likely accuracy of estimates of
neighbourhood area.

4.2.1.2 Estimation of Effective Density (de)

In order to estimate de for Bedeva hanleyi at Warumbul and Minnamurra, it was first
necessary to estimate the actual densities of mature snails (da) at each site. This was
achieved in four steps;

(1) Measurement of survey density (ds) for all sized snails per m2 of 'microhabitat'
(defined below) on each of 14 occasions over 17 months. - This provided the raw data
for estimates of actual density(da).

(2) Measurements of the frequency of each 0.1 cm size class of snails during each

survey and estimation of size at sexual maturity. - This information was used to estimate
the density of mature snails surveyed on each occasion.
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(3) Mark-recapture studies to estimate the proportion of the population that were missed
during surveys. - This allowed estimates of the survey density of mature snails(ds) to be
converted to estimates of actual density (da).

(4) Estimation of the mean area of microhabitat in patches of 'habitat' (also defined
below) at each site. - With this information it was possible to transform estimates of
actual density per m 2 of 'microhabitat' (</a(uh))t0 estimates of actual density per m 2 of
'habitat' (da).

The Microhabitat and Habitat of Bedeva hanleyi Following observations of
Bedeva hanleyi in more than 30 estuaries on the east coast of Australia, it was apparent
that the undersurface of boulders is the preferred microhabitat of this species. Most
highly favoured by B. hanleyi are boulders whose undersurfaces are encrusted by either
rock oysters or mussels, the preferred prey of B. hanleyi (pers. obs.). For the purpose of
the present study, 'habitat' was defined as any area in which adjacent patches of
microhabitat are separated by no more than 10 m . At Warumbul, boulders that provide
microhabitat for B. hanleyi rest on a mixed substrate of loose shale and flat bedrock. At
Minnamurra, boulders rest on a fine sand substrate.

Surveys at Warumbul and Minnamurra Surveys at Warumbul and Minnamurra
were carried out on 14 occasions (separated by between 1 and 3 months) between March
1993 and July 1994. Surveys involved overturning randomly selected boulders (using a
crow bar where necessary) and collecting, counting and measuring the shell lengths of
all snails that could be found. In searching for snails care was taken to minimise
disturbance to resident communities. Shell lengths were measured to the nearest 0.01
c m using Vernier callipers. The area of microhabitat beneath each boulder was
calculated as the product of what were judged to be its length' and 'breadth'. W h e n
estimating the area of microhabitat, areas of undersurface that were blackened by
metallic sulphides (indicating submergence in anoxic sediments) were excluded from
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measurements. B. hanleyi were never found either on these areas or in the underlying
sediment.

Data from the 14 surveys in each local population provided the basis for 14 estimates o
effective population density (de). In doing so it was assumed that mating occurs in all
months of the year. Casual observations of copulation and capsule-laying behaviour at a
number of sites in eastern Australia suggest that this is a reasonable assumption.
Although even if it were incorrect, the error would not be large unless systematic
changes in the composition of populations (i.e. numbers of males and females, sizestructure etc) between mating and non-mating periods were greater than stochastic
changes. B y making this assumption it was possible to compare effective densities
within sites across the entire 17 month survey period and thereby maximise temporal
replication in the calculation of harmonic mean effective numbers.

As an aside to the main purpose of surveys, measurements of the densities of egg
capsules containing live embryos were also m a d e at each of the two study sites.
Measurements of egg capsule density were m a d e in the same areas of microhabitat in
which adults and juveniles were sampled. These data were used to assess the relative
productivity of Bedeva hanleyi at Warumbul and Minnamurra.

Size at Sexual Maturity Size at sexual maturity was determined from field and
aquarium measurements of the lengths of males and females observed in copulation. A s
a result of these observations it was estimated that, at both W a r u m b u l and Minnamurra,
individuals of both sexes become sexually mature on attaining a shell length of 0.9 cm.
Using this information it was possible calculate 14 estimates per site of the m e a n survey
density of mature snails per m 2 of microhabitat (d S(|uh))-

The Ratio of Survey Density to Actual Density in Areas of Microhabitat Because of
the three dimensional complexity of oyster aggregations, and the fact that they were not
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deliberately broken apart in the course of surveys, it was considered probable that,
during surveys, m a n y individuals evaded detection. In order to estimate the ratio of
survey density to actual density at Warumbul and Minnamurra, two mark-recapture
experiments were conducted at each site. Experiments took place during June/July 1993.
At each site, two 5 m x 5 m areas of B. hanleyi habitat were selected, and the snails in
each area collected (as per normal surveys). After a short period in which shell exteriors
were allowed to dry, snails from the two areas at each site were given either a brown or
a black spray-paint mark depending on which area they had been collected. B r o w n and
black were chosen as the marking colours to minimise the difference in visibility
between marked and unmarked snails. The mark-recapture method assumes that marked
and unmarked snails are randomly recaptured. In marking snails, only the shell apices
were painted. T o prevent paint from coining into contact with soft body parts, snails
were sprayed whilst held by the anterior end within a w a d of tissue paper. A s soon as
paint marks were dry to the touch (approximately 1 hour) marked snails were returned
to the areas from which they had been collected. Within each of the 5 m x 5 m areas,
marked snails were redistributed randomly amongst boulders. In addition to the
assumption that marked and unmarked snails are recaptured randomly, the markrecapture method also assumes that there was no exchange of individuals across the
population boundary. T o minimise migration in to, and out of, the experimental areas,
borders of 'less favourable' habitat were created around each area by removing adjacent
boulders to at least 1 metre from the perimeter. Experimental areas at both sites were
revisited exactly eleven days after the release of marked snails. O n re-visiting, counts
were m a d e of the numbers of marked (A^vik.) a n d unmarked (A^umk.) individuals in each
experimental area. For each of the two areas at each site, the actual number of
individuals present (/Va) was estimated using the following equation;

A'Mk./released
#a =

.
^MkVrecaptured / (^Mk./recaptured + ^Umk./recaptured)
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(Krebs, 1985). For each local population, it was assumed the ratio of survey density to
actual density (ds :da) is equal to the mean ratio of A'Mk./released to Na for the two
experiments. Using the ratio appropriate to each local population, estimates of the m e a n
survey density of mature snails per m 2 of microhabitat (d s(|ih)) were then transformed
to estimates of m e a n actual density per m 2 of microhabitat (d a((ah))-

The Mean Area of Microhabitat at Each Site Because microhabitat is not
continuously distributed at either W a r u m b u l or Minnamurra, estimates of the density of
mature snails in areas of microhabitat (d a(|ih)) could not be used directly for estimating
M i or Ne. Instead, estimates of density were corrected according to the m e a n area of
microhabitat per m 2 of habitat in each local population. Measurements of the area of
microhabitat were m a d e in 91 one-m 2 quadrats at W a r u m b u l and 86 quadrats at
Minnamurra. For each survey at each site, the quantity obtained by multiplying d a(^h)
by the estimated m e a n area of microhabitat for that site was deemed to be the best
estimate of the actual density of mature adults (da). Data from the 14 surveys at each site
ultimately provided a total of 28 estimates of the effective density de.

As Wright (1969) outlines, there are three factors that reduce effective Ne relative to
population size; (1) biased sex ratios, (2) variation in productivity a m o n g individuals
and (3) temporal fluctuations in abundance. The w a y in which the effect of each of these
factors was taken into account w h e n calculating Ne from Na is set out below.

Sex Ratios in Local Populations To test for differences in the numbers of males
and females at each site, sex was determined for 360 mature snails from W a r u m b u l and
343 mature snails from Minnamurra. Since in neither case was it was intended that
mature individuals should be returned to their source population (as they were destined
for a laboratory mating experiment; see Chapter 5), they were not collected from the
same areas where surveys and mark-recapture experiments were conducted. In each
case, snails for sexing were sampled from a neighbouring area of habitat separated from
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the study area by a -20 m stretch of sand. In doing so it was assumed that at each of the

two sites (1) the sex ratio in the study and sampling area were equal, and (2), the dens
of individuals within each study area was not affected by permanent removal of

individuals from the sampling area. On returning snails to the laboratory, the sex of e

live snail was determined by the presence or absence of a penis behind the right cephali
tentacle. To view this region, live snails were first allowed to adhere to glass
microscope slides, then, whilst being observed through a dissecting microscope, the

shell of each snail was gently rotated away from the head and foot. To test the accuracy
of this method, the sex of twenty snails from each sample was also determined after

dissection. In all cases, results were in concordance with those obtained by live sexin
All individuals with penises had a coiled seminal vesicle and gonads that were
cream/white in colour. All individuals without penises had yellow/orange gonads and no

seminal vesicle. No individuals at either site had genital characteristics that resembl
those described for imposex in the muricid Thais lapillus (Oehlaman et al. 1991).

Using the single estimates of the proportion of males (pM) and females (pF) in each local

population, sex-ratio-adjusted densities of mature snails (d ) were calculated accordin
to the following equation;

3 = 4 ((dapM) (daPF)) I (dapM)+ (daPF)

(adapted from Wright 1969), where da is the actual density of mature snails (per m2 of
habitat) for each survey. If pM = PF then da = d . An assumption of this formula is that
mating is random.

To assess whether sex ratios at Warumbul and Minnamurra were typical for Bedeva

hanleyi, sex ratios were also determined for local populations at seven additional site
(Patonga, Shoalhaven, Huskisson, Callala, Bendalong, Oyster Farm, Narooma) (Figure
4.1). The numbers of mature individuals sampled at these sites ranged from 45 to 294.
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For samples from W a r u m b u l and Minnamurra and the seven additional sites,
contingency % 2 tests were used to assess the significance of any bias in the observed sex
ratio.

Variation in Individual Productivity Variation in individual productivity is known
to have a large effect on the relationship between Ne and Na (Wright 1969).
Unfortunately no data were available on the extent to which offspring numbers vary
among individual Bedeva hanleyi. However, it is generally acknowledged that in shelled
gastropods, gonad size and hence reproductive effort, is positively correlated with shell
volume (Hughes 1986). Accordingly, it was assumed for this study that large B. hanleyi
produce the greatest number of offspring. It is was also necessary to assume that similar
sized males and females parent equal numbers of offspring. In order to incorporate these
assumptions in the calculation of effective density (de) it was necessary to derive a
measure of the relative productivity of different sized individuals. The measure used
was based on the reasoning that if an individuals absolute productivity is determined by
its o w n shell volume, then its relative productivity will be determined by the shell
volume of the largest breeding individual in the same neighbourhood at the same point
in time. Since the volume of each shell should be proportional to the cube of its linear
dimensions, the relative productivity per survey (Px-y) of snails with shell lengths of x to
y c m (where y -x = 0.1 c m ) was calculated using the equation

Px-y — Lx ' -L-max >

where Lx is the minimum shell length for the size class x to y cm, and Lmax is the shell
length of the largest snail encountered in that survey (rounded d o w n to the nearest 0.1
cm). Using this equation, the largest individual encountered in each survey was given a
relative productivity of 1.0.
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The next step in correcting for size related variation in productivity was to calculate the
sex-ratio-adjusted density for each 0.1 c m size class of mature snails (d x.y ) in each
survey. This w a s achieved using the equation

d x-y = (fx-y)(d),

where fx.y is the relative frequency per survey (on a scale of 0 to 1) of snails in the si
class x to y c m , and a is the sex-ratio-adjusted density for mature snails of all sizes in
that survey. The effective density of each size class of snails in each survey (de x.y) was
then calculated as

"ex-y

=

("x-y ) \d x-y )

The overall effective density (de) for each survey was then calculated as the sum of
effective densities (dex.y) for the n size classes of mature snails that were present; i.e.
n
overall effective density (de) =

X

d&x.y.

Data from the 14 each surveys at each of the two sites were used to produce a total of 28
estimates of de.

4.2.1.3 Instantaneous Estimates of Actual and Effective Population Size
(Na(i)andNa(i))

For each survey, the instantaneous actual and effective population sizes (Afa(i) and N^
respectively) were calculated using the general equation

N(i} = ANxd(i),

110

where JV(j) refers to either Na^ or Ne^, A N is the single estimate of neighbourhood area
for each site, and d^ is the instantaneous actual density da^) or effective density Je(/)
accordingly. The ratio N^IN^

was then calculated for each survey. For each

instantaneous estimate of actual and effective population size a total percentage error
term was calculated as the s u m of the standard errors, each as a percentage of the
relevant mean, from three sources; (1) survey densities (ds), (2) results of the two markrecapture experiments to determine dslda and (3) the area of microhabitat per m 2 habitat.
The equation used was as follows:

Total % error = [ (SEa) / *a) ) + (SE(2) / 3c(2) ) + (SE(3) / Jc(3)) ] x 100

4.2.1.4 The Effect on Ne of Temporal Fluctuations in Abundance

In a temporal series of population estimates the overall effective population size will
closer to the harmonic m e a n of the series than the arithmetic m e a n (Wright 1969). Using
the 14 estimates of Nt(j) for each site, harmonic m e a n effective population sizes (N e )
were calculated according to the equation set out in the introduction (section 4.1),
except that here Ne,* represents the effective number per survey rather than per
generation. Implicit in the calculation of N

e

is the assumption that there is real temporal

variation in numbers; i.e. that differences from survey to survey reflect demographic
processes such as sexual maturation, death and migration, and not variation in either
search effort or the likelihood of snails being detected during surveys. Johnson & Black
(1995) employed the same approach to estimating harmonic m e a n population size for
the littorinid Bembicium

vittatum. For Bedeva hanleyi, it is argued that error due to

variation in search intensity is unlikely to have been significant because search time per
unit area of microhabitat was kept relatively constant throughout the series of surveys
(-10 minutes / m 2 ) . Moreover, there was unlikely to have been any change in search
efficiency over the survey period as the investigator (myself) had already had 2 years
experience of searching for B. hanleyi prior to the commencement of formal surveys.
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Whilst instantaneous estimates of A ^ and Na^ are directly comparable, the appropriate
comparison for the harmonic m e a n effective population size (N e ) is with the arithmetic
m e a n actual population size (N a ) . F r o m henceforth the value of N

e

for each site will be

regarded as the overall best estimate of effective population size (Ne), and the ratio of N
Q/N

a

as the best overall estimate of No/Na.

To illustrate the effect of each of the transformations used in the estimation of effecti
numbers, harmonic m e a n population sizes (N ) were calculated for each site using
instantaneous estimates of population size (Afy)) based on survey densities (ds), actual
densities (da), and sex-ratio-adjusted densities (d ).

4.2.2 Estimation of Generation Time

Generation time is defined as the average time between the birth of an individual and
the birth of its offspring (Hedrick 1984). A n accurate assessment of generation time
therefore requires data on age specific productivity. This information was unavailable
for Bedeva hanleyi at either W a r u m b u l or Minnamurra. A s such, generation time was
estimated as the time taken for individuals to reach the size class with the highest
harmonic m e a n effective density for the period in which surveys were conducted. The
assumption being m a d e is that, by virtue of their size and abundance, this size class of
snails has the highest overall productivity of any size class, and therefore the greatest
influence on the average time between the births of parents and the births of their
offspring. For each local population the time taken to reach the size class with the
highest harmonic m e a n effective density was estimated with the aid of data from each
site on the growth rates of various sized tagged individuals.
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4.2.2.1

Measurements of Growth Rate

For snails at Warumbul and Minnamurra, data on individual growth rates were obtained
from two sources. The first was the investigation of dispersal described previously.
second was an experiment carried out between September 1993 and September 1994

that was designed to test for localised adaptation in Bedeva hanleyi (Chapter 5). Two
the controls for this experiment involved monitoring the performance individually
tagged Warumbul and Minnamurra snails within their home site. For the purpose of
estimating size specific growth rates for each local population, data from the two

sources at each site were combined and treated as a single sample. In total, data were
available for 38 snails from Warumbul and 35 snails from Minnamurra. Intervals
between release and recapture ranged from 362 to 427 days for tagged Warumbul snails,
and from 359 to 427 days for tagged Minnamurra snails. To standardise results, growth

rates were expressed as a proportion of the annual increase in shell length. The 35-38

snails for which growth data were obtained had initial lengths of between 0.6 to 2.4 c
at Warumbul and between 0.6 and 2.9 cm at Minnamurra, though only seven individuals
in each sample had shell lengths less than 1.5 cm. The aim was to use data from these

two samples of snails to produce a mathematical expression of the relationship betwee
shell length and growth rate for each local population.

4.3 RESULTS

4.3.1 Effective Population Size (Ne)

4.3.1.1 Neighbourhood Area (AN)

Of the 90 of tagged snails released at Warumbul on the 28 May 1994, and the 63
released on the 21 July 1994, a total of 23 were recaptured on the 30 July 1995. Of
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these, 11 were from the first wave of releases and 12 from the second. For the purpose
of the present study it was assumed that all tagged snails had been released on a day half
way between the two release dates (i.e. 23 June 1994). The average interval between
release and recapture was therefore estimated as 400 days. During this time Warumbul
snails dispersed between 0.29 and 20.05 m from their release points. Distances moved
were normally distributed (coefficient of kurtosis; y2) = -2.7 x 10~5) with a mean (±SE)
of 8.5 m (± 1.3). The standard deviation of dispersal distances (o) for Warumbul snails
was estimated as 6.07. O n the basis of these findings, neighbourhood length ( L N ) for
Bedeva hanleyi at Warumbul was calculated as 21.5 m (i.e. 3.545 a). Using 4 m as the
approximate width of habitat, this corresponds to a neighbourhood area ( A N ) of 86.1 m 2 .

Of the 71 of tagged snails released at Minnamurra on both the 27 May and the 27 July
1994, 26 were recaptured on the 29 of July 1995. O f these, 15 were from the first release
event and 9 from the second. A s for Warumbul, it was assumed that all had been
released half way between the two release dates (i.e. 26 June 1994). The average
interval between release and recapture was therefore approximated to be 398 days.
During this time Minnamurra snails dispersed between 0.2 and 16.22 m from their
release points. A s for Warumbul, dispersal distances were normally distributed (y2 = 1.2 x 10"4), however the mean (±SE) dispersal distance was 36.5% shorter (5.4 m ±
1.3). The standard deviation of dispersal distances (a) for Minnamurra snails was
estimated as 4.49. O n the basis of these findings, neighbourhood length (L N ) for Bedeva
hanleyi at Minnamurra was calculated as 15.9 m . Using 6 m as the width of habitat, this
corresponds to a neighbourhood area (A N ) of 95.7 m 2 (cf. 86.1 m 2 for Warumbul).

For tagged snails from both Warumbul and Minnamurra there was no relationship (as
determined by O L S regression) between shell length and dispersal distance (r2 < 0.1 in
both instances).
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4.3.1.2

Survey Densities of Mature Snails in Areas of Microhabitat

At both Warumbul and Minnamurra survey densities of mature snails appeared to
fluctuate haphazardly over the 17 month survey period. At Warumbul, mean (±SE)
numbers per m 2 of microhabitat (d sQih)) ranged from 39.13 (± 10.21) to 113.53 (±
11.73) (Overall mean = 83.13 ± 3.74) (Table 4.1). At Minnamurra, mean (±SE) survey
densities of mature snails ranged from 50.30 (± 11.91) to 102.91 (± 17.85) per m 2
microhabitat (Overall mean = 76.92 ± 4.47). Differences in survey densities of mature
snails between sites at the same time of year were only significant for 4 (surveys 1,5,7
and 10) of the 14 surveys (Mests; P < 0.5-0.01). During the 17 month period of
observation, mature snails constituted between 69.3 and 98.8% of individuals at
Warumbul and between 92.4 and 100 % of individuals at Minnamurra.

4.3.1.3 The Relationship Between Survey Density (ds) and Actual Density (da)

Recapture rates of tagged snails after 11 days were consistently high (> 62.5%) in all
mark-recapture experiments (Table 4.2). For the two experiments at Warumbul
recapture rates were 77.3% and 62.5%. For those at Minnamurra recapture rates of
tagged adults were 81.8% and 6 6 % . According to these findings, and the proportions of
unmarked snails encountered in each instance, it was estimated that the fraction of snails
missed during surveys lies between 37.5 and 4 7 . 4 % of the total present at Warumbul,
and between 19.5 and 32.1% of the total at Minnamurra. B y averaging results for the
two experiments at each site, it was estimated that actual snail densities (da) are higher
than survey densities (ds) by as m u c h as 73.43% (SE = 16.57%) at Warumbul, but only
35.73% (SE = 11.49%) at Minnamurra.
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Table 4.1. M e a n (±SE) survey densities of mature Bedeva hanleyi (i.e. shell length > 0.9
c m ) per m 2 of microhabitat (d S(|jh))> and the percentages of mature B. hanleyi, in local
populations at Warumbul (Wa.) and Minnamurra (Mi.) during 14 visits to each site
between 23-3-93 and 23-7-94. For each survey (1-14), mean densities for Warumbul and
Minnamurra were compared using Student's Mest.
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Survey
number

ALL

Mean density
of mature
snails (per m 2 )
microhabitat

Survey
date

N
quadrats

Wa.
Mi.

23-3-93
24-3-93

16
23

39.13
62.24*

10.21
8.52

78.4

Wa.
Mi.

21-4-93
24-4-93

10
15

70.70
77.55n.s.

9.72
7.94

69.3

Wa.
Mi.

24-5-93
19-5-93

10
18

93.80
79.98n.s.

11.67
8.70

88.7

Wa.
Mi.

23-6-93
22-6-93

13
16

57.00
61.88n.s.

13.29
11.98

80.4

Wa.
Mi.

22-7-93
23-7-93

9
12

94.83
50.30**

13.75
11.91

87.2

Wa.
Mi.

4-9-93
31-8-93

15
10

61.56
89.40n.s.

11.38
13.93

90.4

Wa.
Mi.

1-10-93
29-9-93

7
8

91.79
90.60**

13.52
12.65

91.6

Wa.
Mi.

30-11-93
29-11-93

12
14

97.20
67.12n.s.

20.10
18.60

93.3
98.5

Wa.
Mi.

4-2-94
28-1-94

16
13

88.75
102.9 ln.s.

16.10
17.85

91.7

Wa.
Mi.

10-3-94
8-3-94

16
14

113.53
50.78**

11.73
12.54

92.7

Wa.
Mi.

7-4-94
6-4-94

15
14

111.60
98.32n.s.

14.28
14.78

86.7
98.8

Wa.
Mi.

10-5-94
8-5-94

13
14

78.88
72.27n.s.

11.45
11.04

93.1
92.4

Wa.

9
13

66.84
85.97n.s.

13.25
11.03

98.8

Mi.

25-6-94
23-6-94

Wa.
Mi.

23-7-94
21-7-94

12
7

98.17
87.57n.s.

16.00
20.94

97.4

Wa.
Mi;

173
191

83.13
76.92n.s.

Standard
error

Mature snails
as a % of
total

Survey
site

3.74
4^47

n.s. - not significant; * - P < 0.1; ** - P < 0.05; *** - P < 0.001
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100
100
100
100
100
100
100

100
100

100
100

Table 4.2. The numbers of snails that were marked and released, and the numbers of
marked and unmarked snails that were recaptured for each of two mark-recapture
experiments at Warumbul and Minnamurra. Data were used to calculate (via the

Petersen method (Krebs 1985)) estimates of the actual number of snails (Na) for ea
5 m experimental area at each site.

Warumbul

Minnamurra

N N N N N N
^pt

marked/
released

marked/
recaptured

unmarked/
recaptured

Estimate
ofNa

1 66 51 29 105.53 44 36 17 64.78
2 48 30 27 91.20 50 33 8 62.12
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marked/
released

marked/
recaptured

unmarked/
recaptured

Estimate
ofiVa

4.3.1.4

The Mean Area of Microhabitat at Each Site

Surveys of local populations revealed that, on average (±SE), 1 m2 of habitat at
Warumbul contained 0.291 m 2 (±0.03) of microhabitat, whilst at Minnamurra 1 m 2
contained an average (±SE) of 0.119 m 2 (±0.001) of microhabitat. O n the basis of these
estimates it was judged that mean actual snail densities in areas of habitat (d a(h)) at
Warumbul and Minnamurra are 70.9 and 88.1% less respectively, than the mean
densities in equivalent areas of microhabitat (d a(uh))-

4.3.1.5 Sex Ratios

At both Warumbul and Minnamurra, local populations comprised significantly more
than 5 0 % females (%2; P < 0.01-0.001) (Table 4.3). The sample of individuals from
Warumbul contained nearly 2 5 % more females than males ( M : F = 0.761 : 1). Whilst at
Minnamurra, females outnumbered males by nearly two to one ( M : F = 0.518 : 1).
Consequently, sex-ratio-adjusted densities of mature snails (d ) at Warumbul and
Minnamurra were 1.85% and 10.11% less, respectively, than estimated actual densities
(da). O f the seven additional local populations for which sex ratio data were available,
six also had a female bias. However, the female-bias was significant for only three of
these (Patonga, Huskisson, Narooma) (%2; P < 0.05). Callala had an excess of males
(M:F = 1:0.809) (%2; P < 0.01). The mean (±SE) proportion of males for all nine
collections was 0.726 (±0.058).

4.3.1.6 Variation in Individual Productivity

By adjusting the sex-ratio-adjusted density for each size class of mature snails (a x.y
each survey (calculated from the total d , and the size frequency (fx.y) distribution for
each visit to each site (Tables 4.4 &

4.5)) according to their assumed relative

productivity (Px.y), it was determined that estimates of the overall effective density per
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Table 4.3. Numbers of male and female Bedeva hanleyi in local populations at
Warumbul and Minnamurra. For comparison, data are also presented for seven
additional local populations from south-eastern Australia.

X2

N

N

N

Sex ratio

Total

Male

Female

(M:F)

Warumbul

361

156

205

0.761 : 1

6.65**

Minnamurra

343

117

226

0.518 : 1

34.64***

Patonga

294

126

168

0.750 : 1

6.00*

Shoalhaven

120

54

66

0.818: 1

1.20n-s-

Huskisson

49

17

32

0.531 : 1

4.60*

Callala

170

94

76

1 : 0.809

1 9 1 n.s.

Bendalong

48

22

26

0.846 : 1

0.33n-s-

Oyster Farm

170

76

94

0.809 : 1

1 9 1 n.s.

Narooma

45

15

30

0.500 : 1

5.00*

Local population

120

(Exp 1 : 1)

Table 4.4. The relative frequency of each 0.1cm size class of snails (fx.y) present in the
local population of Bedeva hanleyi at W a m m b u l during each of the fourteen surveys
conducted between 23-3-93 and 23-7-94.
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Warumbul surveys -Frequency per size class (fx_y)
01cm

~ 2 3 4 5 7^

7 8 9 10 11 12 13 14

size
class
0.3+

-

-

-

-

-

-

-

0.010

-

-

-

-

-

-

0.4+

0.013

-

-

0.022

-

-

-

0.010

0.028

-

-

-

-

-

0.5+

0.052

0.053

-

0.043

0.011

-

-

0.010

-

0.009

0.010

0.010

-

-

0.6+

0.046

0.079

-

0.033

0.021

-

0.011

0.010

0.018

0.009

0.041

0.030

-

0.013

0.7+

0.046

0.088

0.052

0.065

0.053

0.024

0.032

0.010

0.009

0.009

0.020

0.010

-

-

0.8+

0.059

0.088

0.062

0.033

0.043

0.072

0.042

0.019

0.028

0.045

0.061

0.020

0.012

0.013

0.9+

0.052

0.096

0.072

0.011

0.043

0.024

0.042

0.048

0.037

0.091

0.051

0.040

0.012

0.013

1+

0.013

0.053

0.093

0.043

0.011

0.072

0.011

0.048

0.073

0.064

0.071

0.030

0.025

0.079

1.1+

0.020

0.035

0.052

0.033

0.021

0.060

0.042

0.029

0.037

0.055

0.112

0.050

0.074

0.053

1.2+

0.039

0.009

0.041

0.011

0.021

-

0.074

0.087

0.055

0.045

0.061

0.040

0.049

0.066

1.3+

0.052

0.018

0.052

0.043

0.053

-

0.053

0.067

0.037

0.027

0.031

0.040

0.049

0.079

1.4+

0.039

0.061

0.041

0.065

0.043

0.036

0.042

0.106

0.064

0.045

0.082

0.129

0.099

0.053

1.5+

0.105

0.053

0.082

0.033

0.043

0.024

0.063

0.048

0.055

0.073

0.031

0.030

0.062

0.066

1.6+

0.157

0.105

0.082

0.043

0.096

0.133

0.158

0.096

0.055

0.109

0.041

0.050

0.086

0.079

1.7+

0.092

0.123

0.082

0.130

0.096

0.048

0.168

0.135

0.110

0.082

0.082

0.119

0.049

0.092

1.8+

0.059

0.053

0.093

0.076

0.160

0.145

0.084

0.087

0.083

0.136

0.112

0.050

0.123

0.105

1.9+

0.098

0.053

0.082

0.174

0.053

0.060

0.084

0.087

0.119

0.082

0.051

0.089

0.049

0.066

2+

0.046

0.018

0.041

0.054

0.138

0.133

0.063

0.038

0.073

0.091

0.071

0.119

0.074

0.132

2.1+

0.007

0.009

0.031

0.065

0.074

0.096

0.032

0.048

0.092

0.027

0.051

0.059

0.160

0.039

2.2+

-

0.009

0.021

0.011

0.021

0.024

-

0.010

0.009

-

0.010

0.050

0.025

0.026

2.3+

0.007

-

0.010

-

-

0.024

-

-

0.009

-

0.010

0.030

0.025

0.013

2.4+

-

-

0.010

-

-

0.012

-

-

0.009

-

-

0.010

0.012

0.013

2.5+

-

-

-

0.011

-

-

,

.

.

0.012

_

2.6+

.

.

_

0.012
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Table 4.5. The relative frequency of each 0.1 c m size class of snails (fx.y) present in the
local population of Bedeva hanleyi at Minnamurra during each of the fourteen surveys
conducted between 24-3-93 and 21-7-94.

123

Minnamurra surveys - Frequency per size class (fx.y)
0.1cm
size
class
0.5+

1

2

.

.

3

.

4

.

5

.

6

.

7

.

8

.

9

.

10

.

11

.

12

0.013

0.6+ ........... 0.013
0.7+ ....... 0.015 - - - 0.025
0.8+ - - 0.012 0.025
0.9+ 0.016 ------ 0.015 - - 0.058 0.013 0.013 0.016
1+ 0.008 ------- 0.022 - 0.035 0.013 - 0.049
1.1+ - - 0.013 0.014 - - - - 0.011 0.014 0.023 0.013 0.025 0.049
1.2+ 0.016 0.013 - 0.014 - - 0.015 0.059 0.045 0.014 0.035 0.038 0.013 0.016
1.3+ 0.031 ------- 0.011 0.029 0.023 0.038 0.025 0.049
1.4+ 0.039 0.013 0.038 - 0.015 0.011 0.029 0.093 0.025 0.013
1.5+ 0.008 0.038 - 0.014 - - 0.015 0.015 0.045 0.014 0.012 0.038 0.038 0.033
1.6+ 0.070 0.038 0.038 0.027 0.020 - 0.015 0.015 0.022 0.029 - 0.038 - 0.049
1.7+ 0.047 - 0.051 0.055 - 0.017 - - 0.034 0.014 - 0.025 0.013
1.8+ 0.023 0.013 0.038 0.041 0.020 0.017 0.015 0.059 0.011 0.043 0.023 0.025 0.050 0.033
1.9+ 0.062 0.013 0.038 0.096 0.060 0.017 0.046 0.044 0.022 0.058 0.047 0.025 0.038 0.033
2+ 0.039 0.062 0.026 0.096 0.080 0.033 0.015 0.029 0.011 - 0.076 0.013 0.049
2.1+ 0.070 0.075 0.115 0.096 0.120 0.067 0.062 0.074 0.056 0.043 0.058 0.063 0.062 0.033
2.2+ 0.101 0.062 0.064 0.137 0.100 0.167 0.077 0.088 0.101 0.043 0.058 0.063 0.013 0.066
2.3+ 0.116 0.162 0.077 0.096 0.080 0.150 0.108 0.088 0.079 0.014 0.093 0.063 0.125 0.016
2.4+ 0.132 0.138 0.115 0.137 0.180 0.067 0.185 0.176 0.135 0.159 0.081 0.063 0.087 0.098
2.5+ 0.047 0.138 0.141 0.027 0.180 0.150 0.138 0.132 0.101 0.130 0.116 0.076 0.125 0.180
2.6+ 0.078 0.075 0.077 0.055 0.040 0.150 0.123 0.074 0.090 0.203 0.116 0.051 0.162 0.082
2.7+ 0.070 0.087 0.077 0.082 0.040 0.067 0.108 0.044 0.101 0.072 0.047 0.076 0.050 0.066
2.8+ 0.031 0.050 0.051 - 0.060 0.017 0.031 0.029 0.056 0.043 0.035 0.063 0.050 0.033
2.9+ - 0.013 0.013 0.014 0.020 0.033 - 0.015 0.034 0.043 0.012 0.025 0.050 0.033
3+ - 0.013 0.013 - - 0.017 0.031 0.015 - 0.013 0.016
3.1+ - - 0.013 - - 0.033 - 0.023 0.013 0.025

3.2+
3.3+ ....-- 0.015 - -
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13

14

n
survey, de, (= X

de x.y) ranged between 6.76 to 25.48 individuals per m 2 of habitat at

Warumbul, and between 3.11 and 6.27 individuals per m2 at Minnamurra (Figure 4.2).
For populations at Warumbul and Minnamurra respectively, estimates of dt were, on
average (±SE), 62.3% (±5.8) and 54.2% (±5.4) less than corresponding estimates of a .
For each size class of snails encountered during each survey at these sites, the
relationship between effective (de) and actual density (da) per m 2 of microhabitat is
portrayed graphically in Figure 4.3. B y presenting densities in these terms it is possible

4.3.1.7 Instantaneous Estimates of Actual and Effective Population Sizes
(Na(io and Ne(i))

By combining estimates of actual density (da) and neighbourhood area (AN),
instantaneous estimates of actual population sizes (Na^) were calculated (to the nearest
whole number) as 1698 to 4926 individuals at Warumbul (arithmetic mean ± S E = 3607
± 250), and 1121 to 1596 individuals at Minnamurra (arithmetic mean ± S E = 1193 ±
69) (Table 4.6).

Substituting effective densities (de), resulted in instantaneous estimates of effectiv
population size (Ne(/)) of 582 to 2194 individuals at Warumbul (arithmetic mean ± S E =
1355 ± 126), and 312 to 600 individuals at Minnamurra (arithmetic mean ± S E = 407 ±
24) (Table 4.6).

On the basis of the sum of standard errors, each as a percentage of the relevant mean,
(1) survey densities (ds), (2) the results of the two mark-recapture experiments to
determine dslda, and (3) the area of microhabitat per m 2 habitat, it was determined that
values of Na(/) and Ne(;) for Warumbul are accurate, on average, to within ±36.8%,
whilst those for Minnamurra are accurate to within ± 2 6 . 0 % (Table 4.6). Ratios of
^e(0^a(0 per survey ranged from 0.30 to 0.49 at Warumbul (arithmetic mean ± S E =

125

Figure 4.2. Temporal variation in actual (da) and effective population density (de) per
m 2 of habitat for Bedeva hanleyi at (A.) Warumbul and (B.) Minnamurra, for the 17
month period in which surveys were conducted (March 1993 to July 1994). n.s.
indicates that no survey was conducted in that month. The error term for both da and de
in each month was calculated as the sum of the standard errors, each as a percentage of
the relevant mean, for (1) survey densities (ds), (2) the results of the two mark-recapture
experiments to determine ds/da and (3) the area of microhabitat per m 2 habitat, to
exclude the component of difference between sites attributable to the fact that
microhabitat is more sparsely distributed at Minnamurra.
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Figure 4.3. The relative contributions of each 0.1 c m size class of snails to estimates of
actual (da) and effective density (de) per m 2 of microhabitat for each of the fourteen
surveys at (A.) Warumbul and (B.) Minnamurra.
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Figure 4.3. Continued
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Figure 4.3. Continued
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Table 4.6. Instantaneous estimates of actual (/Va(o) anQl effective (A^/)) population size,
and estimates of the ratio N^N^ for Bedeva hanleyi at Warumbul and Minnamurra
for each of 14 surveys at each site. Surveys were carried out approximately monthly
between 23-3-93 and 23-7-94. Maximum percentage errors for each estimate of actual
and effective population were calculated as the summed effects of variation (standard
errors) in (1) survey densities (ds), (2) the results of mark-recapture experiments to
determine dslda and (3) the area of microhabitat per m2 habitat.

Warumbul

Survey
no.

Na(j)

Ne(j)

1

1697.98

582.34

46.1

2

3067.91

1055.69

3

4070.29

4

Minnamurra

% error in
NamdNeNe(j)/Na(i)

% error in
Na and Ne NQ(i)/Na(j)

Na(j)

Neg)

0.3430

965.18

424.06

23.0

0.4394

33.7

0.3441

1202.59

429.54

19.6

0.3572

1220.18

32.4

0.2998

1240.28

374.12

20.2

0.3016

2473.42

826.27

43.3

0.3341

959.59

313.78

28.7

0.3270

5

4114.99

2028.26

34.5

0.4929

780.02

297.54

33.0

0.3815

6

2671.29

869.53

38.5

0.3255

1386.36

498.28

24.9

0.3594

7

3983.07

1848.11

33.8

0.4640

1404.96

506.99

23.0

0.3609

8

4217.83

1617.36

40.7

0.3835

1040.85

341.27

28.5

0.3279

9

3851.16

1348.86

38.1

0.3502

1595.86

599.88

26.7

0.3759

10

4926.44

2193.76

30.3

0.4453

787.46

316.18

34.0

0.4015

11

4842.70

1625.07

32.8

0.3356

1524.68

413.58

24.3

0.2713

12

3422.87

1291.55

34.5

0.3773

1120.71

311.85

24.5

0.2783

13

2900.41

1008.34

39.8

0.3477

1333.17

446.75

22.1

0.3351

14

4259.92

1457.89

36.3

0.3422

1357.98

422.20

32.2

0.3109

Arithmetic
mean
3607.16

1355.23

36.8

0.3704

1192.84

406.86

26.0

0.3448

126.16

1.2

0.0152

69.28

23.62

1.2

0.0125

±SE

249.94

0.37 ± 0.02), and from 0.27 to 0.44 at Minnamurra (arithmetic mean ± S E = 0.35 ±
0.01).

4.3.1.8 Harmonic Mean Population Sizes (N)

Harmonic mean effective population sizes (N e) for Warumbul and Minnamurra were
1190 and 390 individuals respectively. These are regarded as the best overall estimates
of effective population size for Bedeva hanleyi at each site. The estimates of N

e

for

Warumbul and Minnamurra were 12.2% and 4.1% less respectively than arithmetic
mean effective population sizes (1355 and 407 individuals respectively) (Table 4.6).
The ratio N elN

a

was 0.33 at both Warumbul and Minnamurra (cf. mean estimates of

Ne(i)/Na({) of 0.37 and 0.34 respectively).

To demonstrate the effect of each adjustment that were made in order to determine
effective population sizes, comparisons were made, based on the arithmetic mean of
findings for Warumbul and Minnamurra, between harmonic mean population sizes
calculated from (1) effective densities (de), (2) sex-ratio-adjusted densities (d ), (3)
actual densities (da), and (4) survey densities (ds). Using this approach it was
determined that, on average, harmonic mean effective population sizes (1190 and 390)
were 62.5% less than estimates of harmonic mean population size based on
$ (3263 and 1021) , 6 5 % less than the estimates based on da (3324 and 1136), and
45.5% less than the estimates based on ds (1917 and 837). (Table 4.7).

4.3.2 Generation Time

4.3.2.1 Size-specific Growth Rates

Within each local population growth rate (cm/year) decreased markedly with increasing
shell length. In both cases the decline of growth rate with increasing size was best
133

Table 4.7. Comparison of harmonic mean population sizes (N ) for Bedeva hanleyi at
Warumbul and Minnamurra calculated using survey densities (ds), actual densities (da),
sex-ratio-adjusted densities (d ), and effective densities (de).

Harmonic mean population size (N)

Measure of
population

Warumbul

Minnamurra

(A N = 86.1 m )

(A N = 95.7 m 2 )

Actual density (da)

3324

1136

Sex-ratio-adjusted density (d)

3263

1021

Effective density (dQ)

1190

390

density used

2

Survey density (ds) 1917 837
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explained by an exponential model. Using this model the following regressions were
obtained;

For Warumbul snails: growth rate (cm/year) = 1.088 x 10"0-793

x she11 len th

§

(cm)'

(r2 = 0.273).

For Minnamurra snails: growth rate (cm/year) = 2.776 x 10"0-579

x she11 len th

§

(cm)

(r2 = 0.579).

(Figure 4.4). According to these regressions, snails from Warumbul should reach 1 cm
after 2.96 years, whilst Minnamurra snails should reach the same length after only 1.08
years. A s an indication of the extent to which rate of growth in shell length appears to
decline with increasing size, regressions predict that it should take Warumbul and
Minnamurra snails 17.81 and 10.86 years respectively, to attain a shell length of 2 cm.

4.3.2.2 Estimates of Generation Time

The shell length classes with the highest harmonic mean effective density were 1.9 cm
at Warumbul ( d e = 5.78 individuals/m2 of habitat), and 2.4 c m at Minnamurra (3

e

=

4.38 individuals/m2 of habitat). Using these size classes and the regression of growth
rate on shell length for each local population, generation times for B. hanleyi at
Warumbul and Minnamurra were estimated as 17.22 years and 27.54 years respectively.

4.3.3 Other Findings

4.3.3.1 Mean Adult Sizes at Warumbul and Minnamurra

Throughout the series of surveys, adults at Minnamurra were consistently, and
significantly larger than those at Warumbul (t-test; P < 0.001) (Table 4.8). For the 14
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Figure 4.4. The relationship between the rate of growth in shell length (cm/year), as
estimated by tag-recapture, against mean shell length in the interval between
measurements, for Bedeva hanleyi from Warumbul and Minnamurra. Data are plotted
separately for each site. Regression lines for data from Warumbul (—) and Minnamurra
(•-•-) were fitted using an exponential model.

1.25 -i

Mean shell length during tagging experiment (cm)
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Table 4.8. M e a n (±SE) shell lengths of mature Bedeva hanleyi (i.e. shell length > 0.9
c m ) during 14 surveys of local populations at Warumbul (Wi.) and Minnamurra (Mi.)
carried out between 23-3-93 and 23-7-94. Differences between the mean shell lengths of
mature B. hanleyi at each site were highly significant for all surveys (Student's r-test; P
<0.001). For the dates of surveys see Table 4.1.

snails

Mean shell length
(cm) of
mature snails

Standard error

Wa.
Mi.

120
129

1.57
2.12

0.04
0.03

2

Wa.
Mi.

79
80

1.47
2.31

0.04
0.04

3

Wa.
Mi.

86
78

1.52
2.27

0.04
0.05

4

Wa.
Mi.

74
73

1.68
2.16

0.04
0.04

5

Wa.
Mi.

82
50

1.69
2.21

0.03
0.04

6

Wa.
Mi.

75
62

1.72
2.38

0.04
0.05

7

Wa.
Mi.

87
65

1.58
2.39

0.03
0.04

8

Wa.
Mi.

98
66

1.56
2.20

0.04
0.05

9

Wa.
Mi.

100
89

1.62
2.22

0.04
0.05

10

Wa.
Mi.

102
69

1.53
2.30

0.04
0.05

11

Wa.
Mi.

85
85

1.51
2.07

0.06
0.06

12

Wa.
Mi.

94
73

1.66
2.12

0.05
0.05

13

Wa.
Mi.

80
80

1.67
2.29

0.05
0.05

14

Wa.
Mi.

74
61

1.61
2.11

0.06
0.06

ALL

Wa.
Mi.

1236
1060

1.60
2.23

0.02
0.03

Survey
number

Survey
site

1

N
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surveys, the difference between mean shell lengths at Warumbul and Minnamurra
ranged from 0.48 to 0.84 cm. Averaging across surveys, mean (±SE) shell lengths were
1.60 c m (±0.02) for W a m m b u l adults and 2.23 c m (±0.03) for Minnamurra adults.

4.3.3.2 Egg Capsule Densities at Warumbul and Minnamurra

Surveys of egg capsule densities revealed further differences between the two local
populations. The first being that egg capsules were present during all surveys at
Minnamurra, but during only 9 of the 14 surveys at Warumbul (Table 4.9). Secondly,
for 8 of the 9 occasions when egg capsules were present at both sites, densities of egg
capsules at Minnamurra were between 3.3 and 98.8% higher than those at Warumbul.
The difference between sites was only significant for five of these surveys (t-test; P <
0.05-0.001). Across all 14 surveys the mean (±SE) density of egg capsules at Warumbul
and Minnamurra (per m 2 of microhabitat) were 20.98 (±10.60) and 94.28 (±21.03)
respectively. The ratio of mean egg capsule density to harmonic mean effective density
per m 2 of microhabitat (a measure of the relative productivity of populations) is 0.44 for
Warumbul and 2.76 for Minnamurra.

4.4 DISCUSSION

By observing the dispersal of adult and juvenile snails at two sites (Warumbul and
Minnamurra) on the south coast of N S W , it was estimated that within areas of
continuous linear habitat (4-6 m in width) Bedeva hanleyi occupies a neighbourhood
area of between 86.1 and 95.7 m 2 . Instantaneous estimates of the actual population
number (Na^y) within the neighbourhood area ranged between 1698 and 4926 at
Warumbul and 1121 and 1596 at Minnamurra. Because of a significant female bias at
both Warumbul and Minnamurra, and the expectation that large snails should produce
more offspring than small snails, it was subsequently determined that mean ratios of
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Table 4.9. M e a n (±SE) density of Bedeva hanleyi egg capsules per m 2 of microhabitat
during 14 surveys of local populations at Warumbul (Wi.) and Minnamurra (Mi.)
carried out between 23-3-93 and 23-7-94. For each survey (1-14), mean egg capsule
densities at Warumbul and Minnamurra were compared using Student's r-test. For the
dates of surveys see Table 4.1.
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Mean egg capsule
density
(per m 2 )

Survey
number

Survey
site

quadrats

1

Wa.
Mi.

16
23

0
379***

0
0.79

2

Wa.
Mi.

10
15

0
11.75***

0
3.03

3

Wa.
Mi.

10
18

34.24
35.40n.s.

17.00
13.27

4

Wa.
Mi.

13
16

1.03
49.30*

20.85
18.79

5

Wa.

9
12

17.24
171.94**

54.61
47.29

Mi.

15
10

16.89
182.83***

15.68
19.20

7

Wa.
Mi.

7
8

77.67
193.19*

44.95
42.04

8

Wa.
Mi.

12
14

137.03
252.08n.s.

57.82
53.53

9

Wa.
Mi.

16
13

7.44
72.73**

18.64
20.68

10

Wa.
Mi.

16
14

0.83
0.36n.s.

11

Wa.
Mi.

15
14

0
53.30***

0
14.25

12

Wa.
Mi.

13
14

0
80.51***

0
21.52

13

Wa.
Mi.

9
13

1.33
106.82**

28.87
24.02

14

Wa.
Mi.

12
7

0
105.90***

0
34.70

ALL

Wa.
Mi.

173
191

20.98
94.28***

10.60
21.03

N

Mi.
6

Wa.

n.s. - not significant; * - P<0.1;**-

P< 0.05; *** - P < 0.001
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Standard
error

0.65
0.70

instantaneous effective population size (Ne(;)) to Afa(j) for the two sites were 0.37 and
0.35 respectively. Accounting for the effects of temporal fluctuations in Ne^ by taking
harmonic means reduced the ratio of Ne/Na to 0.33 for both sites. Best estimates of Ne
for the two populations were therefore 390 and 1190 individuals. Between the two sites,
differences in actual and effective numbers were therefore m u c h greater than differences
in ratios of NelNa. Compared to theoretical expectations (Nunney 1993, Nunney

&

Campbell 1993), ratios of NelNa based on harmonic m e a n Ne were of the correct order
of magnitude, whilst those based on instantaneous data were lower than was expected.
For an isolated population, an Ne of 390 to 1190 would entail low to negligible levels of
random drift in allele frequencies (Wright 1969).

4.4.1 Effective Population Size and the Importance of Drift
Versus Selection

Genetic variability is important in allowing populations to adapt to a changing
environment. In small populations random changes in gene frequencies (genetic drift)
because of sampling error m a y cause the gradual erosion of genetic variability. W h e n a
population is completely isolated the proportion of initial heterozygosity lost to random
drift each generation is equal to l/2Ne (Wright 1931). B y causing the loss of variability
from within populations, genetic drift also causes random differentiation a m o n g
populations. Wright (1969) showed that 'there is m u c h differentiation [among local
populations] if Ne is of the order of 20 or less, differentiation is not negligible up to Ne =
200, but there is almost the equivalent of universal panmixia (with respect to sampling
effects) if JVe is larger than 1000. The estimates of Ne obtained for Bedeva hanleyi, 390
to 1190 individuals, would

therefore indicate local populations are currently

experiencing only low to negligible levels of random differentiation and loss of
heterozygosity as a result of genetic drift. Substituting the above estimates of Ne for B.
hanleyi into Wright's (1931) equation produces the finding that, if local populations
were completely isolated for 100 generations, they would still possess 87 to 9 6 % of
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their initial heterozygosity. Given the likelihood of gene flow via rafting, it is likely that
real populations offi.hanleyi are only ever partially isolated. Consequently an Ne of 390
to 1190 for 100 generations in a real population would permit greater than 87 to 9 6 %
retention of heterozygosity.

Arising from the finding that local populations are only weakly influenced by genetic
drift, is the conclusion that even moderate selective forces could act without being
overwhelmed by chance events. The outcome of natural selection can only be wholly
deterministic w h e n the product of Ne and the coefficient of selection (s) is one or greater
(Nunney & Campbell 1993). If Ne were large enough that moderate selection pressures
could produce deterministic outcomes within local populations, and if there were (1)
persistent selective differences a m o n g sites of sufficient strength, and (2) adequate
stocks of heritable fitness variation within local populations, then the philopatric life
history of B. hanleyi should facilitate a high degree of localised adaptation.

On initial inspection, it is difficult to reconcile the conclusion that local populations
Bedeva hanleyi are currently experiencing low to negligible drift, with the detection of
high levels of genetic subdivision at several apparently unlinked and selectively neutral
allozyme loci (Chapters 2 & 3). Chapter 3 reports a weighted m e a n value of the
standardised genetic variance (0) of 0.156 for 12 populations (including W a r u m b u l and
Minnamurra) spanning only 420 k m of the coast of N S W . If this 6-value truly reflects
differentiation of populations under genetic drift, it must be the case that either B.
hanleyi has been subdivided for a very long time, or, Ne is actually lower than has been
estimated in this study.

An estimate of the number of generations (t) for which local populations would have to
have been isolated to have produced a 0 value of 0.156, can be calculated by inserting
Ne estimates into the following equation:
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t generations = log (1- 0) / log (1 - 1/ 2Ne),

(Hartl 1988). On the basis of A^e-estimates of 1190 and 390 individuals, it would take
between 133 and 405 generations of complete isolation for 0 to reach 0.156. Based on a
generation length of 22.3 years (the estimated mean generation time for W a r u m b u l and
Minnamurra populations (this Chapter)), this number of generations would correspond
to somewhere between 2966 and 9032 years. If populations were not isolated, the
estimated time to reach 0 = 0.156 would rise in proportion to the level of gene flow.
H a d the estimate of 0 for the region concerned been an equilibrium value it could have
been used to calculate an estimate of the level of gene flow among local populations.
Unfortunately a regression (on logio / l°gl0 axes) of pairwise estimates of gene flow (M
) on the distances between pairs of populations (km) for the 'Southern region' indicated
that equilibrium conditions have not yet been reached in this region (Chapter 3).

If a long period of isolation were not the cause of the high level of random
differentiation a m o n g local populations of Bedeva

hanleyi, then the most likely

alternative explanation would be that Ne is actually significantly lower than has been
estimated here. Given that estimates of A ^ reported in this study were based on data
from only 17 months of surveys, it is highly likely that the extent to which numbers
were observed to fluctuate over time is substantially less than the amount that numbers
actually fluctuate on an evolutionary time scale. This is important because Ne is most
strongly influenced by periods in which numbers are low; i.e. periods in which there is a
population bottleneck (Wright 1969). The effects of the extreme genetic drift that occurs
during a population bottleneck can persist for m a n y generations (Nei et al. 1975,
Chakraborty & Nei 1977). Bottlenecks occur w h e n existing populations crash, then
grow in size from a small number of survivors, or more benignly, w h e n n e w populations
are founded by only a small number of individuals. Given that Bedeva hanleyi has a
subdivided population structure and also lacks a dispersive larval stage, it is probable
that genetic bottlenecks have played an important part in its evolution. Subdivision
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increases the likelihood of local extinction, whilst the absence of a dispersive larval
stage would suggest that replacement populations are probably founded by only a small
number of rafted colonists.

4.4.2 Ratio of Actual to Effective Population Size

Nunney (1993) predicted that under a wide variety of demographic conditions, but
excluding the effects of temporal fluctuations in abundance, it should be rare for Ne/Na
to be either close to 1.0, or m u c h less than 0.5. The instantaneous estimates of Ne/Na
obtained for Bedeva hanleyi (range 0.27 to 0.49; m e a n = 0.36) would therefore be
considered as low by Nunney's (1993) reckoning. Although, the estimate based on
harmonic m e a n Ne-\alues for the 17 month survey period (0.33) appears to be of the
correct order of magnitude. Nunney & Campbell (1993) proposed that Ne/Na should be
close to 0.25 w h e n the effects of temporal fluctuations are taken into account by
calculating the harmonic mean. However, given that estimates of A^/A^a based on
instantaneous Ne were all nearly as low as those based on harmonic m e a n Nc, it would
appear that this agreement with theoretical expectations is purely artefactual; i.e. it is not
the result of large temporal fluctuations in numbers. The question therefore is w h y are
estimates of A y A ^ based on instantaneous data so low relative to theoretical
expectations? T h e methodological step most responsible for depressing instantaneous
values of NelNa w a s the final step in which numbers were adjusted for size related
variation in individual productivity. This step accounted for - 9 1 % of the - 6 5 %
difference between instantaneous estimates of Ne and Na. However, the justification for
this reduction was an assumed relationship between body size and relative productivity,
and not previously held knowledge about actual variation in individual productivity.
Thus it cannot be discounted that in reality variation in individual productivity has less
of an effect on NQ/Na than has been stated here. There is obviously a need for further
investigation of the extent and underlying causes of individual variation in productivity
in B. hanleyi.
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The assumption that body size should affect individual productivity in gastropods is
almost certainly valid (Hughes 1986), but factors such as the genetic quality of offspring
and the incidence of disease and parasitism are also k n o w n to affect individual
productivity (Nunney & Campbell 1993). B y ignoring these factors this study probably
vastly oversimplified the overall pattern of individual productivity variation. For
instance, if parasite load in Bedeva hanleyi increases exponentially with body size, as
occurs in Littorina littorea (Hughes & Answer 1982), then growth m a y provide little or
no increase in productivity. The effect of this would be to minimise productivity
differences a m o n g different sized individuals resulting in an increase in NelNa, despite
lower productivity overall!

4.4.3 Comparisons with Other Studies

Only limited comparisons are possible between findings for Bedeva hanleyi and those
for other direct developing marine gastropods as studies differ enormously in terms of
the methods used to investigate populations. The most similar studies are those of
Spight (1974), for the muricid Thais lamellosa, and that of Johnson & Black (1995) for
the littorinid Bembicium vittatum.

Spight (1974) carried out a four year study of the numbers and movements of Thais
lamellosa, and concluded that individual populations contain an arithmetic m e a n of 145
breeding individuals (range 50-1000). This estimate was based on a 'population zone' of
-25 m x 10 m . Spight's determination of the 'population zone' was founded on the
observation that individuals within units of the size are generally philopatric with
respect to the same breeding/spawning sites. Because T. lamellosa forms large and
conspicuous breeding aggregations, Spight was able to count all reproducing individuals
in each 'population'. Given this approach, the most meaningful comparison of Spight's
estimate of the size of breeding groups (145) is with estimates of the arithmetic m e a n
actual population size (N a ) for Bedeva hanleyi (range 1193 to 3607 individuals).
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According to this comparison, breeding groups for T. lamellosa are approximately 6 %
of the size of those for B. hanleyi. However, given that the neighbourhood length of a
species is substantially increased if even a small proportion of individuals undergo long
distance dispersal (Wright 1969), it would appear from Spight's o w n data that actual
population size has been somewhat underestimated for T. lamellosa. After tagging adult
and juvenile snails from all breeding aggregations in 4 'population zones', Spight found
that by their second reproductive season, nearly a third of individuals were breeding in
adjacent zones, and several had joined breeding groups two zones away from their natal
site. This level of migration would imply that the neighbourhood area for T. lamellosa
comprises several of Spight's 'population zones'.

Johnson & Black's (1995) study of Bembicium vittatum is more similar to the present
study of Bedeva hanleyi than is Spight's (1974) study. A s per the present study, Johnson
&

Black's (1995) estimated neighbourhood length from the standard deviation in

dispersal distances. The estimate they obtained after following adult and juvenile
dispersal for 12 months (their estimate of generation time) was 64 m (cf. -19 m for B.
hanleyi). Though unlike this study Johnson & Black (1995) did not attempt to directly
estimate effective population size. Their estimate of population size, 1024 to 7936
individuals, was based solely on harmonic mean surveys densities. The same approach
for B. hanleyi resulted in estimates of population size ranging from 837 to 1917
individuals.

Whilst it is worthwhile to compare similarly obtained findings between similar species,
the aspect of Johnson & Black's (1995) study that is most worthy of discussion here is
their demonstration that estimates of neighbourhood length can vary enormously
according to whether a direct or indirect (genetic) approach is employed.

When Johnson & Black (1995) based their estimate of neighbourhood length on the
spatial scale at which there was significant genetic subdivision (i.e. the spatial scale at
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which G S T > 0.011) estimates of neighbourhood length (150 to 300 m ) were more than
double those based on the standard deviation in dispersal distances. Furthermore, they

argued that since genetic patterns should have integrated the effects of rare long dista

dispersers, the higher estimates of neighbourhood length are probably the most accurate.

Rare long distance dispersal events are notoriously difficult to detect in direct studie
(Slatkin 1985). Unfortunately the fine-scale genetic data needed to apply Johnson &
Black's (1995) genetic approach to estimating neighbourhood length for Bedeva hanleyi
is not available.

There are two reasons why neighbourhood length for Bedeva hanleyi might also have
been underestimated. In order of their likely importance they are (1) the period over
which dispersal was monitored was nearly 16 times shorter than even the lowest
estimate of generation time (17.22 years for Warumbul), and (2), observations of
dispersal concentrated solely on crawling in adults and juveniles and ignored the
possibility of dispersal by other means or by other life history stages.

The short period of dispersal observations is of concern because neighbourhood area

depends on the extent of dispersal after one generation (Wright, 1969). In addition to t

likelihood of dispersal increasing with extended observation, it is also likely that the

distribution of dispersal distances will progress from leptokurtic to platykurtic (Wrigh
1969). Either factor would extend the neighbourhood area (Wright 1969). In Bembicium
vittatum, Johnson & Black (1995) detected increases over time in both dispersion and

platykurtosis. It is probable that if observations of B. hanleyi had been extended, then
same phenomena would have been detected. Dispersal distances in B. hanleyi were still
normally distributed when mark-recapture experiments were terminated. Although it is
also predicted that if dispersal had been monitored for longer, and it had continued at
the previously observed average rate (0.65 m per month for Warumbul, and 0.42 m per
month for Minnamurra), then at both Warumbul and Minnamurra, the extent of

available habitat would limit crawling dispersal long before one generation had elapsed.
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At Warumbul, mark-recapture experiments were conducted in a patch of habitat roughly
70 m long, bordered on one side by a sand beach and on the other by a raised rock
platform. At Minnamurra, experiments were carried out in a patch of habitat
approximately 50 m long, bordered by sand on one side and ocean beach on the other.
Consequently, estimated neighbourhood lengths for Warumbul and Minnamurra were
48.5 m and 34 m shorter, respectively, than lengths of available habitat. If 70 m and 50
m were the actual neighbourhood lengths for Warumbul and Minnamurra, effective
population sizes (Ne ) would rise to 2641 and 1223 individuals respectively (cf. previous
estimates of 1190 and 390 individuals).

The fact that observations of dispersal concentrated solely on crawling in adults and
juveniles is of concern because of the possibility that greater dispersal might be
achieved by other means or by other life history stages. The only evidence that Bedeva
hanleyi might be able to disperse by some means other than adult crawling is that in a
number N S W estuaries, adults and egg capsules are occasionally found on oyster leases
based on artificial substrates located on sandbars well away from areas where B. hanleyi
are normally found ( N S W Fisheries, Pers. C o m m . ) . The ability of B. hanleyi to colonise
these relatively n e w structures indicates that its dispersal capability is greater than its
lack of a planktonic larva would suggest. If this were the case, then within any single
estuary the neighbourhood area of B. hanleyi might actually encompass several noncontiguous groups.

A variety of phenomena may provide direct developing gastropods with greater
dispersal capabilities than their life histories would suggest. The most likely of which is
rafting (e.g Highsmith, 1985; Jokiel, 1990). Theoretically, any life history stage could
undergo rafting, though given the habits of B. hanleyi it is considered likely that
hatchlings and juveniles are most susceptible. Egg capsules are only ever found on
boulder undersurfaces or on oysters attached to boulder undersurfaces. Adults rarely
venture from beneath boulders at low tide and would therefore be unlikely to encounter
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rafting materials. Although as discussed in Chapter 2, there is a distinct possibility that
hatchlings and small juveniles (< 0.5 c m ) of B. hanleyi undergo occasional rafting on
detached clumps of the buoyant phaeophyte Hormosira

banksii. Another dispersal

mechanism that m a y be open to hatchling B. hanleyi involves drifting on long mucus
threads. This is k n o w n to occur in at least two other species of intertidal gastropod
(Vahl, 1983; Martel & Chia, 1991b) and is suspected in m a n y others (Martel & Chia,
1991a) including predatory muricids. The species concerned produce long mucus sails
in response to dislodgment from the substrate by wave action or strong currents. The
'sails' provide neutral buoyancy or at least slow the rate of sinking. In recent times
dispersal in Bedeva

hanleyi m a y also be brought about through movements of

commercial oyster stock. All of these possibilities for long distance dispersal require
further investigation.

If, due to rafting or post-metamorphic drifting, neighbourhood length in Bedeva hanleyi
was closer to 100-1000's of meters, rather than 10's of meters, then in eastern Australia
at least, few estuaries would be large enough, and contain sufficient habitat, that such a
neighbourhood length could be realised. The four Sydney estuaries; Port Hacking,
Botany Bay, Port Jackson and Broken Bay are examples of the few that would.
Although, even in these estuaries there would be large patches of unsuitable habitat
within the neighbourhood area. It is suggested therefore that, within the confines of its
dispersal range, effective population size in East Australian B. hanleyi is primarily
constrained by estuary size and the availability of habitat.

4.4.4 Indirect Methods for Estimating Ne

In their study of Bembicium vittatum Johnson & Black (1995) provide estimates of Ne
that are independent of direct estimates of neighbourhood area and effective density.
The method employed was to estimate effective population size indirectly via a
regression (on logio / logio axes) of indirect estimates of gene flow between pairs of
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populations (M ) against their distance of separation measured in 'neighbourhood
lengths'. M

is equivalent to Wright's (1978) Nem

calculated separately for pairs of

neighbourhoods (Slatkin & Maddison, 1990; Slatkin, 1993). If the potential for gene
flow is homogenous in space, and there is equilibrium between stepping-stone gene
flow (sensu Kimura & Weiss 1964) and genetic drift, then the slope of this regression is
negative, and the intercept equals logio Ne- The assumption that the potential for gene
flow is homogenous in space appears valid because samples of B. vittatum were
collected from along a -10 k m island which provides almost continuous suitable
habitat. The assumption of stepping-stone gene flow appears reasonable for B. vittatum
as it appears capable of only short distance dispersal. Applying this regression approach
to B. vittatum, Johnson & Black (1995) obtained estimates of A ^ of only 22 to 38
individuals! Given the huge discrepancy between this finding and the range of
population estimates based on survey densities (990 to 37 000), Johnson & Black (1995)
doubted the applicability of the M

-method but were unable to provide a specific

explanation as to w h y it was not applicable. O n e possible explanation is set out below.

Computer simulations have shown that under stepping-stone gene flow, the equilibrium
slope of a regression of logio M

on logio distance of separation in neighbourhood

lengths is strongly dependent on the spatial arrangement of local populations; -1.0 for a
linear array, -0.5 for a symmetrical two dimensional array (Slatkin & Maddison 1990,
Slatkin 1991). A s such if a species has a stepping-stone population structure, failure to
detect the expected slope should lead to the conclusion that gene flow and genetic drift
have not reached equilibrium (e.g Hellberg, 1994). The subsequent conclusion would be
that the regression intercept does not equal logio Ne. Given that Bembicium vittatum
were sampled from a long narrow offshore island, Johnson & Black (1995) assumed a
one dimensional Stepping stone population structure. The equilibrium expectation for B.
vittatum would therefore have been a slope of-1.0 (as in Hellberg 1994). The slope they
obtained was only -0.622 (i.e. a non-equilibrium slope), however Johnson & Black
(1995) proceeded with the estimation of Ne.
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The M -method of estimating Ne is also unlikely to be applicable to Bedeva hanleyi,
despite the fact that, like Bembicium vittatum, it also appears to have a stepping-stone
population structure (Chapter 3). This is not because of the question of whether gene
flow and drift are at equilibrium, although this almost certainly relevant in certain areas
(Chapter 3), but more fundamentally because of violation of the assumption that the
potential for dispersal is homogenous in space. Areas of habitat suitable to B. hanleyi
are typically highly fragmented. Consequently the potential for gene flow between two
neighbourhoods separated by a length of continuous habitat would almost certainly be
greater than that between two neighbourhoods separated by an equal length of
unsuitable habitat.

An alternative genetic method for estimating A^ that is potentially less troublesome and
more widely applicable than the M -method is the 'temporal' method (Nunney & Elam
1994, Waples 1989; also, see Hedgecock et al. (1992) for marine invertebrate example).
This involves tracking changes in gene frequency within a single population by
measuring the frequency of a number of polymorphic markers in an initial sample and
then repeating the exercise one or more generations later (Nunney & Elam 1994).
Underlying this method is Wright's (1931) demonstration that the extent of random drift
in allele frequencies each generation is related to the inverse of Ne. A n important
assumption of the temporal method is that changes in the frequency of genetic markers
are not the result of natural selection. A s straightforward as this method appears, its
application to Bedeva hanleyi would be logistically difficult if generation time is as long
as has been estimated in this study (-17 to 28 years).

4.4.5 Generation Time in Bedeva hanleyi

For Bedeva hanleyi generation time was estimated as the time taken for individuals to
reach the size class with the highest harmonic m e a n effective density. In doing so it was
assumed that this size class of snails has the highest overall productivity, and thus the
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greatest influence on the average time between the births of parents and the births of

their offspring. The time taken to reach this size was estimated using data from each s

on the growth rates of various sized tagged individuals. With regards the likely accura
of the estimates that were obtained (17.22 and 27.54 years for Warumbul and
Minnamurra respectively), four possible sources of error are perceived. Firstly, the
regressions of growth rate on shell length upon which estimates of age were based,

explained only 27 to 58% of the actual variation in growth rates of different sized sna
This may have been because sample sizes were small (35 to 38 snails), but it could also

be that size is simply not a good indicator of age. Secondly, regressions of growth rate
on shell length were based almost entirely on data from large snails. For both Warumbul
and Minnamurra, measurements of size and growth rate were obtained for only seven
individuals with shell lengths less than 1.5 cm. Given this bias, and the finding that
growth slows markedly with increasing size, it would seem likely that the present study

has underestimated the growth rates of small snails. The third potential problem is that

in a short term study such as this, it is difficult to determine whether growth has been
measured under 'normal' conditions. Over the four year period of his study field study,
Spight (1974) observed that growth rate in Thais lamellosa varied considerably
according to the abundance of its preferred prey items, the barnacles Balanus glandula
and B. cariosus. The fourth difficulty is that, even if the relationships between size
growth rate and size and productivity have been judged accurately, any change in the
size structure of local populations would change the estimate of generation time.

4.4.6 Demographic Differences Between Populations at Warumbul
and Minnamurra

By taking an overview of findings for Bedeva hanleyi obtained from surveys and
experiments conducted at Warumbul and Minnamurra (Table 4.10), it is obvious that

there are several interesting differences between the two populations of. Furthermore i
is tempting to suggest that are several instances in which some of the differences are
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Table 4.10. A summary of the major findings of surveys and experiments conducted in
populations of Bedeva hanleyi at Warumbul and Minnamurra. For details such as
sample sizes, ranges and error terms see results section.

Comparison

Warumbul

Minnamurra

0.287

0.119

The mean area of microhabitat per m 2
of habitat

Mean survey density of adults per m2 83.13 76.92
of microhabitat
Survey density of adults as a proportion 0.577 0.737
of actual density
Mean adult length (cm) 1.6 2.23

Ratio of adult males to females (M:F) 0.76:1 0.52:1

Mean survey density of egg capsules 20.98 94.28
per m 2 of microhabitat
Number of surveys in which egg 14/14 9/14
capsules were present
Mean survey density of juveniles 10.51 0.58
per m 2 of microhabitat
Number of surveys in which j uveniles 14/14 3/14
were present
Time to grow to lcm (years) 2.96 1.08

Neighbourhood length (m) 21.5 15.9
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correlated and have c o m m o n causality. For instance, the fact that adult densities are
lower at Minnamurra may be related to the fact that they are significantly larger; i.e.
biomass is concentrated in a few large individuals. Also, the observation that the
Minnamurra population has the longest spawning season and the highest egg capsule

densities, but the lowest density of juveniles suggests high pre-recruitment mortality an
a compensatory increase in productivity. The higher proportion of females at
Minnamurra could also reflect a selection for higher productivity (Hamilton, 1967); i.e.
selection for a shift of resources away from the maintenance of males and towards the
production of energetically expensive yolk and egg capsules. Less competition from
recruits could also explain why Minnamurra snails are larger and have faster growth
rates. Regarding estimates of neighbourhood length, it is predicted that the estimate for
Minnamurra is shortest because there is less microhabitat per unit area and because
patches of microhabitat are interspersed with areas of fine sand (as opposed to flat rock
and shale at Warumbul), which, it is suspected, is less conducive to dispersal by

crawling. It is also likely that the structurally less complex sand substrate at Minnamur
is the reason why the ratio of survey to estimated actual densities was higher than at
Warumbul (i.e. there are fewer places where snails can evade detection during surveys).
The larger overall size of Minnamurra snails is also likely to have increased their
visibility. Whilst these conclusions are only tentative they should at least provide
interesting hypotheses that could be tested in future studies.
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CHAPTER 5

HAS PHILOPATRIC DISPERSAL IN BEDEVA HANLEYI
RESULTED IN LOCALISED ADAPTATION AND INTRAGENOMIC COADAPTATION?

5.1

INTRODUCTION

If there are persistent site-specific environmental differences among local populations,
philopatry and subsequent inbreeding m a y permit a high degree of localised adaptation
(Shields 1982, Slatkin 1985). Under philopatry and inbreeding, localised adaptation is
only likely to eventuate if (1) local populations contain adequate stocks of heritable
fitness variation on which site-specific selection can act, and (2) effective population
size (Ne) is sufficiently large that selection rather than random drift is the primary
determinant of gene frequencies. Within a population the magnitude of genetic drift is
proportional to 1 / 2 ^ (Wright 1931). In an isolated population (i.e. one that receives no
genetically effective migrants) there is m u c h random drift w h e n N e < 20, drift is
moderate up to Ne = 200, and negligible w h e n Ne lies between 200 and 1000 (Wright
1969). G e n e flow moderates the magnitude of drift, but also reduces the effectiveness of
natural selection. If an allele is favoured in a population by selection of strength s, then
immigration of other alleles at a rate m would not prevent a high frequency of the
favoured allele if, roughly, m<s (Slatkin 1985). Hence for selection to effectively bring
about localised adaptation N e must be moderate to large and dispersal events that result
in gene flow must be rare relative to philopatric dispersal. If localised adaptation has
occurred then the fitness of immigrants to a site should typically be lower than that of
natives.
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In addition to promoting adaptation to local external conditions, philopatry should also
facilitate coadaptation of the local gene pool, i.e. the evolution and maintenance of
harmonious intra-genomic (epistatic) allelic associations (Williams 1975, Shields 1982,
Partridge 1983). Whereas localised adaptation requires persistent differences in sitespecific external conditions, localised coadaptation requires persistent differences in the
genetic composition of local populations. Regardless of the extent to which genetic
differences are the result of drift or natural selection, once differences are entrenched the
process of coadaptation should be self facilitating (Burton 1987). W h e n n e w alleles
enter a population, through either mutation or matings with immigrants, their successful
incorporation will be contingent on favourable interaction with the alleles already
present (Burton 1987). If localised coadaptation has occurred in a species, matings
between individuals from genetically divergent local populations should typically result
in outbreeding depression due to the disruption of coadapted gene complexes (Wallace
1968, Price & Waser 1979, Shields 1982, Lynch 1991, Knowlton & Jackson 1993).

Amongst marine invertebrates with sessile or sedentary adults, dispersal is presumed to
be predominantly philopatric in (1) species which undergo direct development in either
benthic egg capsules or parental brood pouches, and (2), species whose free larvae
exhibit behaviours that limit their spread (see examples cited in introduction to Chapter
1). Consistent with the expectation of philopatry, surveys of allozyme and

DNA

variation in species that possess these kinds of life history typically reveal substantially
higher levels of genetic subdivision compared to similar species whose life history
includes a dispersive (typically planktonic) larval stage. This relationship between larval
life history and genetic population structure has been observed in a number of
ecologically important marine taxa (see examples cited in introduction to Chapter 1, and
findings of Chapters 2 & 3).

Although there is a relative abundance of evidence linking philopatric life histories to
high levels of genetic subdivision in benthic marine invertebrates, that linking
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philopatry with localised adaptation and intra-genomic coadaptation comes from a
relatively small number of studies. Evidence supporting the localised adaptation
hypothesis has come from reciprocal transplant experiments that enable comparisons of
the relative fitness of immigrants and residents in a number of local populations (Brown
& Quinn 1988, Etter 1988, Behrens Yamada 1989, Ayre 1985, 1995, Bertness & Gaines
1993). Test of the coadaptation hypothesis have involved mating experiments designed
to compare the fitness of offspring produced from crosses between individuals from the
same population with those produced from crosses between individuals from different
populations (Burton 1986, 1987, Brown 1990, Grosberg 1987). In these experiments,
matings were conducted under uniform (typically laboratory) conditions to eliminate
effects due to the loss or dilution of alleles that confer high fitness with respect to

specific external conditions. Overall, evidence supporting the coadaptation hypothesis i
probably stronger than that supporting the localised adaptation hypothesis as it cannot
be said with certainty that any of the local adaptation experiments conducted thus far
has completely controlled for the possibility of prior acclimation - the effect of which
may be very similar to that resulting from localised adaptation (Ayre 1985).

5.1.1 Evidence for Localised Adaptation in Marine Invertebrates

In separate studies of the direct developing muricid snails Thais emarginata (Brown &
Quinn 1988) and Nucella lapillus (Etter 1988), individuals were reciprocally
transplanted within and among exposed and sheltered sites to investigate the effects of
wave action on various aspects of morphology. Both studies reported a higher recapture
rate for local snails regardless of the exposure of transplant locations. Whilst Etter
(1988) did not discuss this finding, Brown & Quinn (1988) equated recapture with
survival and concluded that this finding was a possible indication of localised
adaptation. However, Brown & Quinn (1988) also recognised that, since individuals had
spent some considerable time in their native population before reciprocal

157

transplantation, findings could be equally indicative of fitness differences based on prior
acclimation.

Behrens Yamada (1989) provides evidence for local adaptation that is similarly
complicated by the lack of an effective control for prior acclimation. In this instance,
evidence for local adaptation arose from investigations of the effect of reciprocal
transplantation on fitness (in terms of growth, survival and reproduction) in two
littorinid gastropods, the direct developer L. sitkana, and the planktonically dispersed L
scutulata. For both species, locals out-performed foreign snails. This effect was
detectable over m u c h shorter distances (< 30 k m ) in the direct developer (L. sitkana) as
compared to the planktonic developer (L. scutulata). Behrens Y a m a d a (1989) concluded
that differences in the relative fitness of local and foreign snails, associated with both
life history and transplant scale, were due to different positive relationships between
geographic scale and degree of localised adaptation. However, in neither case w a s the
alternative hypothesis (i.e. variation in the scale of significant prior acclimation) actually
tested.

Ayre (1985, 1995) also provides evidence for a positive relationship between transplant
scale and the relative fitness of foreign and local individuals. In this case for the sea
anemone Actinia tenebrosa which is asexually viviparous but sexually oviparous. Local
populations of A. tenebrosa tend to be dominated by a relatively small number of well
established successful clones and receive long-distance, sexually generated migrants
only episodically. Reflecting the predominance of philopatry, there are typically high
levels of genetic divergence a m o n g local populations (Ayre 1984, Ayre et al. 1991).
Consistent with Ayre's expectation that the life history of A. tenebrosa should facilitate
localised adaptation, reciprocal transplants revealed that native anemones exhibited
consistently higher asexual reproductive success than imported anemones. Support for
the conclusion that clonal fitness differences reflect local adaptation not prior
acclimation is provided by two important aspects of Ayre's (1995) experimental design.
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Firstly, anemones were placed on a stretch of shoreline that was foreign to all
individuals 8 months before reciprocal transplantation, and secondly, after reciprocal
transplantation, the fitness was not assessed until two entire breeding seasons had
elapsed.

Bertness & Gaines (1993) provide good evidence for localised adaptation in the
planktonically dispersed intertidal barnacle Semibalanus

balanoides. Their study

consisted of reciprocal transplants of recently metamorphosed recruits within and
a m o n g a number of estuaries with different flushing times. Results revealed that recruits
from estuaries with flushing times longer than the duration of the planktonic stage
('closed populations') performed better (in terms of recruit survivorship) than those from
estuaries with shorter flushing times ('open populations'). The authors concluded that
fitness differences reflected higher levels of localised adaptation in those estuaries
which retained the greatest proportion of their native larvae. However it could also be
argued that recruits from estuaries with long flushing times had had greater opportunity
for prior acclimation. T h e area of uncertainty is whether acclimation by larvae within
the plankton has any effect on fitness after recruitment to intertidal adult populations. In
defence of Bertness & Gaines (1993), this is probably unlikely as the greatest cause of
recruit mortality w a s thermal stress.

5.1.2 Evidence For Intra-Genomic Coadaptation in Marine Invertebrates

The copepod crustacean Tigriopus californicus lives in high intertidal and supra-littoral
rockpools and populations on different rock headlands exhibit considerable genetic
differentiation (Burton et al. 1979, Burton & Feldman 1981). In this environment an
important physiological requirement for T

californicus is the ability to maintain

homeostasis w h e n pools increase in salinity during long periods in which there is no
rain and/or no w a v e action. Inter-population hybridisation experiments reveal that F2
larvae of T. californicus show both significantly higher mortality in response to
159

hyperosmotic stress (under laboratory conditions), and a 5 0 % increase in development
time relative to F2 larvae from intra-population matings (Burton 1986, 1987). In both
studies the performance Fi larvae was similar to that of parental lines. Though in a
subsequent study B r o w n (1991) found that Fi inter-population crosses produced nearly
5 0 % fewer offspring than Fi crosses between individuals from the same population. N o
comparable data are available for the numbers of offspring produced in F2 matings.

Larvae of the colonial ascidian Botryllus schlosseri generally settle within 1 m of their
natal site and the histo-compatibility of different colonies declines markedly beyond 50
c m (Grosberg 1987). Consistent with this fine scale of subdivision the fitness of Fi
matings (in terms of the success of fertilisation, embryogenesis and larval
metamorphosis) falls steeply w h e n mates are collected from more than 1 m apart
(Grosberg 1987). A s for B r o w n (1991) no data are available for the relative fitness of F2
outcrossed matings.

Where coadaptation has occurred theory predicts that outbreeding depression should be
greater in F2 individuals than Fi individuals (Price & Waser 1979, Shields 1982,
Knowlton & Jackson 1993). Fi individuals contain two half sets of parental genes, and
since inbreeding increases homozygosity each half set should contain a high proportion
of each parents total allelic compliment. Consequently Fi individuals could theoretically
benefit from most of the favourable epistatic interaction present in both of its inbred
parents. However favourable interactions a m o n g the set alleles inherited from one
parent will be disrupted wherever the expression of an allele within that set is
suppressed by an alternative allele inherited from the other parent. The number of these
interactions will determine the extent of Fi outbreeding depression. Outbreeding
depression is expected to be greatest for F2 individuals because recombination during
meiosis in Fi parents will result in gametes that contain very few of the favourable
allelic combinations present in either of the original inbred parents.
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Populations of the Australian muricid gastropod Bedeva hanleyi appear likely to be both
locally adapted and intra-genomically coadapted. Offspring emerge from benthic egg
capsules as crawling juveniles and therefore appear highly philopatric. Consistent with
the hypothesis that direct development results in philopatric dispersal, allozyme surveys
of B. hanleyi, and another direct developing gastropod, the buccinid

Cominella

lineolata, both revealed substantially higher levels of genetic subdivision (0 = 0.158 and
0.552 respectively) than that observed amongst populations of the planktonically
developing muricid Morula marginabla, over the same stretch of coast (0 = 0.019)
(Chapter 2). T h e fact that there are large genetic differences a m o n g local populations of
B. hanleyi heightens the expectation of localised coadaptation because, in addition to
philopatry, it is one of the major prerequisites for localised coadaptation to occur.
Nothing is k n o w n of whether there are persistent environmental differences a m o n g
populations that might cause adaptation to site-specific external conditions. Moreover,
estimates of the current effective size of typical local populations of B. hanleyi (Ne =
390 to 1190) are sufficiently large that, if there had been strong site-specific selection,
either intra-genomically, or with respect to the external environment, then its effects are
unlikely to have been recently overwhelmed by large random fluctuations in gene
frequencies owing to sampling error.

This chapter describes manipulative experiments conducted with Bedeva hanleyi to
investigate whether populations are both locally adapted and intra-genomically
coadapted. Localised adaptation was investigated via experiments in which individually
tagged adults and egg capsules (containing embryos) were reciprocally transplanted
within and a m o n g four local populations on the south-east coast of Australia. T o
investigate intragenomic coadaptation, a series of inter- and intrapopulation matings
were initiated in aquaria using individuals collected from the same four locations at
which reciprocal transplants were conducted.
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5.2

MATERIALS AND METHODS

5.2.1

Choice of Local Populations

The four local populations which provided individuals for both reciprocal

transplantations and laboratory matings were located in four different estuaries in sou
eastern Australia separated by up to 135 km (Figure 5.1). Adjacent populations were
separated by between 35 and 93 km.

5.2.2 Investigation of Localised Adaptation

5.2.2.1 Collection of Samples and Identification of Individual Adults and
Egg Capsules

Collections of 400 adult B. hanleyi (>l cm shell length) were made from each local

population during 6 days of spring tides in late August and early September 1993. Snail
were returned to the University of Wollongong and collections from each source were
held in separate aquaria for 10-12 days. During this holding period adults were tagged
and their egg capsules collected. Tags (individually numbered and colour coded to
indicate the source population) were fixed with Super-Glue® to the mid-line of the

upper surface of the largest shell whorl. In order to maximise adhesion, the area of she

to receive the tag was filed flat then cleaned with 80% ethanol and allowed to dry befo
tagging.

To facilitate the collection of egg capsules the four aquaria in which adults were held
had been completely lined with detachable numbered glass plates (90 x 45 mm) attached
with Super-Glue®. Bedeva hanleyi freely deposit egg capsules on the vertical sides of

glass aquaria (Pers. obs.). To control for the possibility that intra-capsular developmen

might be affected by ambient water chemistry at the time of deposition, the four aquari
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Figure 5.1. T h e locations on the south-east coast of Australia, of the four sites among
which Bedeva hanleyi were reciprocally transplanted in order to test for localised
adaptation.

SYDNEY

Warumbul

WOLLONGONG

Minnamurra

N
Shoalhaven
Callala
50 Km

I

1

163

34°S-

contained water from a source (Wollongong Harbour) that was foreign to all sampled
individuals. Upon deposition, individual egg capsules were identified by plate number

and by their position on the plate surface. Within each aquarium, egg capsule depositio
commenced 4-5 days after adults were introduced. No information was available as to
when individual egg capsules were deposited. Development time could therefore not be
used as a reliable measure of fitness. As a group, the 400 individuals from each
sampling location produced between 92 and 139 egg capsules during the 10-12 day
holding period. Fifteen capsules from each collection were selected at random and
retained for counts of the number of eggs in each, the remainder were used in the

experiment. Egg capsules were transplanted into local populations attached to the glass
plates on which they were deposited.

5.2.2.2 Parameters for the Assessment of Adult Fitness

The effect of reciprocal transplantation on adult Bedeva hanleyi was investigated in
terms of its effect on somatic growth. To facilitate determination of the effect of
transplantation on somatic growth, adults were measured for a number of size related
parameters immediately before and directly after reciprocal transplantation. The
parameters measured for each snail were (1) wet weight, (2) total shell length, and (3)
the distance between the numbered tag and the shell lip. Wet weight was measured after
the shell exterior had dried, and extra-corporeal water had been removed (by blotting)
from the shell cavity, after snails had been prompted to fully withdraw. Using this
approach, estimates of weight should be accurate to within at least 5% (Brown & Quinn

1988). Because of helical growth, the linear tag to lip distance was calculated from the
degrees of arc between tag and shell lip and the average radius of the arc.

A comparison of adult shell lengths in sub-samples of 100 individuals from each of the

four collections revealed highly significant variation prior to transplantation (ANOVA;
P < 0.001). Mean (±SE) initial lengths ranged from 1.95 cm (± 0.03) for snails from
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W a r u m b u l up to 2.18 c m (± 0.03) for those from Minnamurra. Preferably, samples
should have been standardised to have the same size distributions in order to control for
the effects of size at transplantation. However given the numbers of snails sampled from
each of the four local populations, it was not possible to standardise size distributions
and maintain adequate numbers in each sample. T o correct for variation in initial size,
changes (during the experiment) in both weight and linear dimensions were expressed
as fractions of initial measurements prior to statistical comparisons. Similarly, as the
initial distance between tag and shell lip was arbitrarily determined by where the tag
happened to be fixed, increases in this distance were standardised by using initial shell
length as a divisor. Parameters for assessment of adult growth were therefore (1) growth
in wet weight / initial weight, (2) growth in shell length / initial shell length, (3) growth
in tag to lip distance / initial shell length.

Prior to making statistical comparisons among groups of adult performance as measured
by these parameters, regression analyses were used (employing data from the same 4 x
100 sub-samples as above) to test for uniformity among populations in the relationships
between (1) size and wet weight, and (2) shell length and m a x i m u m shell width.
Heterogeneity a m o n g the four populations in either relationship would indicate different
patterns of growth and thus invalidate comparisons based on the aforementioned
performance parameters.

Before investigating the relationship between the size and wet weight of snails, it was
first necessary to determine which shell dimension was the most reliable predictor of
wet weight. Assuming isometric growth, the wet weight of snails should be directly
proportional to the volume of the shell, or the cube of linear dimensions (Hughes 1986).
For data from each local population (N = 100) regressions were carried out for wet
weight (g) versus (1) shell length (cm), (2) m a x i m u m width (cm), and (3) an
approximation of shell volume (termed relative shell size, R S S ) (cm 3 ). R S S combines
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information on both the length (L) and widest diameter (D) of shells, and is calculated
by regarding shells as conical in shape. Hence,

RSS = L (1/3 (JT (D/2)2))

Mean r2 values for three sets (3 x measures of shell size) of four regressions (4 x loc

populations) revealed RSS was the strongest predictor of wet weight. Furthermore, ther
was no significant variation among local populations in the relationship between RSS
and wet weight (ANCOVA; P < 0.05). After pooling data across the four source
populations it was determined that RSS was related to wet weight by the relationship

wet weight = 1.469RSS + 0.02l.(r2 = 0.95).

Data from each source and the regression for pooled data are shown graphically Figure
5.2.

For each local population, the relationship between shell length and maximum shell
width was investigated via ordinary least squares (OLS) regression. Comparison of
regressions by analysis of covariance (ANCOVA), revealed no significant heterogeneity
among populations in the relationship between these shell dimensions (P > 0.05). After

pooling data across the four source populations it was determined that shell length (L)
and maximum width (D) were related according to the equation

D = 0.447L + 0.119 (r2 = 0.860).

Data from each source and the regression for pooled data are shown graphically in
Figure 5.3.
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Figure 5.2. The relationship between shell length (SL) (cm) and widest diameter ( W D )

(cm) in 400 adult Bedeva hanleyi prior to transplantation. The sample comprises 100

snails from each of the four populations used in the reciprocal transplant experim
Callala (V), Shoalhaven (+), Minnamurra (x) and Warumbul (•). Slopes for the four
populations were not significantly different (ANCOVA; P < 0.05). Regression for
pooled data: WD = 0.946 SL + 0.093; (r2 = 0.91).

1.5 -t

1.25 s-i

<p
C3

1-

1/3

0.75 -

0.5

T
1.5

T

T

2

2.5

Shell length (cm)

167

Figure 5.3. The relationship between relative shell size (RSS) (cm3) and wet weight

(WW) (g) in 400 adult Bedeva hanleyi prior to transplantation. The samp

100 snails from each of the four populations used in the reciprocal tra

experiment; Callala (V), Shoalhaven (+), Minnamurra (x) and Warumbul (•

for the four populations were not significantly different (ANCOVA; P < 0
Regression for pooled data: WW = 1.46 RSS + 0.021; (r2 = 0.95).
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5.2.2.3

Parameters for Assessing the Fitness of Intra-Capsular Embryos

O n the basis of previous field observations of Bedeva hanleyi egg capsules, it was
decided that comparisons of the fitness of intra-capsular embryos would be made using
(1) the whole capsule mortality rate, and (2) the mean number of embryos per capsule.

Whole capsule mortality is defined as the death of all embryos within an intact capsule.
Mortality due to capsule damage was not included. Whole capsule mortality was
observed as a change in yolk colour from yellow-cream to pink, proceeded by complete
disintegration of embryos. B. hanleyi egg capsules normally contain between 20 and 100
eggs though only a fraction of the eggs in each capsule are viable. The remaining eggs
serve as food (nurse eggs) for those embryos that continue to develop after their own
yolk supply is exhausted (pers. obs.). The justification for using mean number of
embryos per capsule as a measure of fitness was that there was no significant variation
among local populations in the total number of eggs (= nurse eggs + potential embryos)
per capsule (N = 15 capsules per collection; P > 0.05; Overall mean ±SE = 66 ± 8.4
eggs per capsule). It was assumed that the per capsule ratio of embryos to nurse eggs
was the same for all four local populations.

5.2.2.4 Reciprocal Transplantation of Adults and Egg Capsules

Prior to reciprocal transplantation the group of 400 adults collected from each local
population was subdivided into four groups of 100 individuals. For the collection from
each population, one group of 100 was allocated the location of the native population
from which that collection was obtained, and each of the three remaining groups of 100
were allocated to one of the three foreign locations (transplant protocol shown

schematically in Figure 5.4). Tagged snails were distributed amongst the four transplan
locations according to the above protocol over four days in mid-September 1993. At

each of the four transplant locations, each group of 100 from the four different sources
(3 foreign, 1 native) was then divided equally amongst four discrete and randomly
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Figure 5.4. Schematic outline of the reciprocal transplant experiment with Bedeva
hanleyi adults and egg capsules. Differently shaded large rectangles represent the four
local populations on the south-east coast of Australia which both provided and received
transplants. Arrows indicate the direction of transplantations. Small squares represent

the four transplant sites (5 m x 5 m) within each transplant location (= local population)
Each transplant site received adults and egg capsules from each of the four different

sources (represented by the four differently shaded small circles). Small circles with the
same pattern of shading as the large rectangle in which they are contained indicate
control transplants (i.e. local Bedeva hanleyi). Each transplant site (small square)
received 50 adults and between 4 and 9 egg capsules from each local population.

Because of low recovery rates, data for each of the four sets of transplants (1 local plus
3 foreign) were pooled across sites within transplant locations prior to two factor

ANOVA.
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selected 5 m x 5 m transplant sites (i.e. 100 adults / transplant location, 25 adults /
transplant site). All transplant sites were within areas normally occupied by Bedeva
hanleyi. Adjacent sites were separated by a maximum of 20 m, and were never closer
than 5 m. In an attempt to minimise losses due to migration, a 2 m wide border of 'less
suitable' habitat was formed directly around the perimeter of each site by removing
boulders that provide suitable microhabitat for B. hanleyi and placing them within the

site perimeter. As a result of reciprocal transplantation each of the 16 transplant site
sites per location x 4 locations) contained four groups of 25 adults; 1 group of locals
plus 3 foreign groups. Each group in each site represented one treatment. There was
therefore a total of 16 treatments per transplant location.

Groups of egg capsules were transplanted at the same time as adults and into the same

set of 16 transplant sites (4 per location). However, whilst adults were available in equ
numbers from each local population, the number of egg capsules that were available
ranged from 77 to 124 per population. By distributing egg capsules from each source as
equitably as possible, first amongst locations and then amongst sites within locations,
each of the 16 transplant sites was allocated between 4 and 9 egg capsules.

The transplant destination (location and site number) of each individual adult and egg

capsule was recorded prior to transplantation. Within each transplant site, tagged adult
and plates supporting egg capsules were placed haphazardly beneath boulders that
supported native adults and naturally deposited egg capsules. Plates were firmly lodged
either within an oyster aggregation or a rock crevice. The number of glass plates per
boulder ranged between 1 and 4 depending on the number of places under each boulder
in which plates could be lodged. In lodging glass plates, care was taken to avoid damage
to the egg capsules that they supported.

172

5.2.2.5

Monitoring of Transplants

After reciprocal transplantation, egg capsules were monitored approximately every 12
days until all embryos had either hatched, died, or been lost from the experiment (a
period of 6-7 weeks depending on transplant location). As embryos became
distinguishable by their increasing size and pigmentation, counts were made of the
number in each capsule (using a xlO hand lens). As a result of monitoring transplanted
egg capsules two previously unknown fitness related phenomena were observed: (1) the
empty shells of dead hatchlings were occasionally found in capsules from which others
had successfully emerged, and (2) capsules from which hatchlings had successfully
emerged occasionally contained the remains of eggs that had neither developed or been
consumed as nurse eggs. The incidence of both of these phenomena were recorded and
subsequently used in comparisons of fitness. By the end of the egg capsule experiment
between 20 and 41.9% of the egg capsule from each source in each transplant location
(NB. comprises 4 x transplant sites) had been lost to unknown causes.

Reciprocally transplanted adults were left in the field, unmonitored, until they were
retrieved over a five day period during early September 1994. The duration of the
reciprocal transplant experiment with adults was therefore approximately one year.

5.2.2.6 Recapture of Tagged Adults and Measurement of Growth and
Body Condition

In an attempt to maximise the recapture rate of tagged adults at the conclusion of the
trial, oyster aggregations were fragmented and macro-algae were removed in both

transplant sites and surrounding areas. Of the 100 adults from each source at each of t
four transplant locations, between only 5 and 15% were recovered at the end of the

experiment. On recapture, the wet weight, shell length and tag to lip distance of tagge
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snails were re-measured in order to assess growth. Snails were then stored in liquid
nitrogen pending further analysis.

On thawing, snails were dissected to separate the shell from soft body tissues. The shel
and soft body of each snail were weighed after drying at 70° c for 24 hours. No attempt
was made to distinguish between somatic and reproductive soft body tissues, as the
gonads of gastropods are inextricably mingled with the viscera (Hughes 1986). The ratio
of dry soft tissue to total dry weight was used as a measure of the body condition of
recaptured snails. This ratio should not have been significantly affected by loss of
weight due to spawning, as snails were retrieved before the peak spawning period. Use

of this measure was further validated by the absence of significant geographic variation
in the relationship (determined via OLS regression) between size (RSS) and the dry
weight of shell (DSW) (ANCOVA; P < 0.05). After pooling data across the four source
populations it was determined that dry shell weight (g) was related to RSS (cm3) by the
following relationship;

dry shell weight (DSW) = 0.946 RSS + 0.093 (r2 = 0.91).

5.2.2.7 Statistical Analyses

Because of poor recovery rates for both adults and egg capsules, data from each of the

four sources of transplants was pooled across transplant sites within transplant locatio
This resulted in four treatments per transplant location, 1 local and 3 foreign. Each

transplant location therefore permitted one independent test of the hypothesis that loca
Bedeva hanleyi should outperform those from foreign locations. After pooling, sample
sizes per treatment ranged from 5 to 15 adults and from 12 to 25 egg capsules.

For both adults and egg capsules measures of performance fell into one of two

categories: (1) those that produced nominal data (e.g. adult recapture rate, the proport
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of egg capsules that survived to hatching, the proportion of embryos that successfully
hatched, and the proportion of egg capsules in which all eggs either developed or were
consumed as nurse eggs), and (2) those that produced data in the form of means and
variances (e.g. growth in shell length / initial shell length, growth in the tag to lip

distance / initial shell length, growth in wet weight / initial shell weight, dry soft b
weight / total dry weight, the number of embryos per capsule, and proportional hatching
success per capsule).

Performance measures producing nominal data were analysed using heterogeneity X2

tests. Analyses were performed separately for each transplant location. In each case the
hypothesis being tested was that local Bedeva hanleyi should outperform those from
foreign locations.

Data in the form of means per treatment were analysed using two-factor analysis of
variance as performed by the statistical software JMP version 2.0 (SAS Institute Inc.

1991). The two factors were source of transplants and transplant destination. O' Brien's
test for homogeneity of variances were performed prior to all analyses also using JMP
version 2.0. No rigorous tests of normality were conducted because analysis of variance
is robust to moderate departures from normality (Underwood 1981). The purpose of the

analyses was to test for a significant interaction between source and transplant locati

attributable to the superior performance of locals. Accordingly the a priori decision wa
made that multiple comparisons tests (Student Newmann-Keuls) would only be
performed where (1) there was a significant (P < 0.05) interaction between source and
transplant location, and (2) the significant interaction was associated with locals
obtaining the highest ranked performance at more transplant locations than would have
been expected by chance alone (i.e. > 1 out of 4). For each performance measure two
factor ANOVA was initially performed with all available data, resulting in unequal
replication in all cases. Analyses were then performed on each of three subsets of data
per performance measure in which sample sizes had been balanced by randomly
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excluding surplus data. In all cases, analyses with and without equal replication resulted

in identical conclusion regarding the significance of the interaction between source and
transplant location. It was therefore decided that for all performance measures,
conclusions would be based on the largest possible data set regardless of differences in
sample sizes.

Where locals obtained the highest ranked performance score in greater than the expected

number of transplant locations (i.e. > 1 out of 4), the probability of this having occur
by chance alone was calculated by regarding the experiment in each transplant location
as a single binomial trial. For each trial, the two possible outcomes were defined as

'success' or 'failure' of locals to obtain the highest ranked mean performance score. If

expected probability of success for one trial is 0.25, then for n trials, the probabilit
successes and n - r failures (P(r)) can be calculated as follows:

P(r) = \n\ I r\ (n - r)!] 0.25r0.75" -

r

(Zar 1984).

5.2.3 Investigation of Intra-Genomic Coadaptation

5.2.3.1 Collection of Adult Snails

Collections of between 120 and 298 adult snails (> 1 cm shell length) were made from
each of the four local populations during four days of spring tides in late March 1992.
Snails were returned to the University of Wollongong and collections from each source
were placed in separate aquaria pending sex determination.
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5.2.3.2

Sexing, and the Maintenance of Snails Prior to Experimental Matings

Snails were sexed live using the technique described in Chapter 4. Sexing was
completed 5 days after the last sample had been collected. However, before any matings

could be initiated it was necessary to address the problem presented by the fact that th
females of many muricids are capable of storing sperm for several months (Fretter &
Graham 1962, Strathmann 1987). The difficulty presented by this is that absolutely
certainty concerning the paternity of offspring is only possible when experimental
matings are conducted with virgin females. As females were collected for the present
study as adults, it had to be assumed that none were virgins. More Ideally, female
Bedeva hanleyi should have been collected as hatchlings and raised to adulthood

separately from males. However this did not seem feasible in this instance as B. hanleyi
appear to grow only very slowly (Chapter 4). In an attempt to increase the likelihood
that offspring produced within the confines of the experiment would be the product of
experimental matings rather than previously stored sperm, it was decided that females
should be held separately from males for a period of six months before initiating
matings. In this period it was hoped that females would divest themselves of stored
sperm by depositing egg capsules containing fertilised eggs. This is exactly what
happened. After segregating females and males from each local population in to

different aquaria, females from all four sources almost immediately began to deposit egg
capsules on aquaria walls. Egg capsule deposition began within two days of females
being placed in aquaria and ceased -2 weeks later. No egg capsules were deposited in
any aquaria containing males, indicating that all snails had been sexed accurately.

During the holding period Bedeva hanleyi were provided with their natural prey; the
rock-oyster Saccostrea cucullata. Unfortunately, despite frequently placing fresh
seawater within aquaria, these oysters invariably perished before they could be drilled
and consumed by B. hanleyi. The same was found when an alternative prey item, the
hairy mussel Trichomyra hirsuta, was provided. Over time, the inability to maintain
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fresh prey in aquaria raised two serious problems that ultimately resulted in the
abandonment of this experiment. Firstly, many snails died following occasional periods
of low water quality brought on by the death of oysters or mussels. Secondly, those
snails that survived turned increasingly to cannibalism.

What follows is a brief outline of the design of the experiment as it would have been if
snails had survived and mated.

5.2.3.3 Intended Protocol For Experimental Matings Had There Not Been Mass
Mortalities of Aquarium-Held Snails

Had it been possible to maintain healthy well-fed Bedeva hanleyi throughout the six
month holding period, experimental matings would have been initiated according to the

protocol set out in Figure 5.5. This protocol was designed to enable two questions to be
answered:

(1) Does the mean fitness of Fi progeny produced by matings between individuals from
the same local population differ from that of Fi progeny produced by matings between
individuals from different local populations?

(2) Is the mean fitness of Fi progeny produced by matings between individuals from
different local populations influenced by which parent comes from which local
population?

Before snail mortalities occurred, the lowest number of either sex from a given source
was 54 males from the local population at Shoalhaven. The mating protocol in Figure
5.5 shows that each sex from each source was required to participate in four different
mating arrangements (each denoted by a single 'X' in Figure 5.5). It was therefore
decided that each mating arrangement would be replicated a total of 13 times (i.e. 13
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Figure 5.5. Proposed mating protocol for investigation of intra-genomic coadaptation in

individuals from four local populations of Bedeva hanleyi from south-eastern Austra

M = male; F = female; X = intended combinations of males and females. Black crosses
on light backgrounds denote matings between individuals from the same local
population (control matings). White crosses on dark backgrounds denote matings
between individuals from different local populations (test matings).

Local
population

Warumbul

Warumbul

Sex

M

M
F

'XI

Minnamurra

M
F

Shoalhaven

M
F

Callala

Minnamurra

M

Shoalhaven

M

Callala

M F

X

M
F

Xj
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pairs of male and females; ~ 54-r4). Since the entire experiment comprised 16
treatments, there would therefore have been 208 mating pairs in total. It was intended
that matings would be carried out in a fibre-glass aquarium (1.5 m x 3 m x 0.2m deep)
supplied by filtered re-circulating seawater. This aquarium was divided in to 300
separate compartments (each 15 cm x 30 cm x 10 cm high) using interlocking perspex
strips. On one wall of each compartment was super-glued® a glass plate (90 x 45 mm)
on which egg capsules could have been deposited (as per the collection of egg capsules
for reciprocal transplantation). Complete lining of the compartment with glass was not

required as B. hanleyi do not deposit egg capsules on plastic surfaces (Pers. obs.). To
prevent snails moving between compartments, a large sheet of nylon mesh (pore size -1

mm) was to have been anchored taught across the top of the perspex grid using several 1
1 plastic boxes weighted with stones.

Had matings occurred and Fi progeny been obtained, their fitness would have been
assessed in terms of (1) % survivorship of embryos up to the point of hatching, (2)
development time to the point of hatching, and (3) % hatching success.

5.3 RESULTS

5.3.1 Localised Adaptation

The general pattern of findings that emerged from this study was that local adults and
embryos tended to outperform foreign adults and embryos in more instances than would
have been expected by chance alone, although absolute differences in mean
performances across treatments were typically insignificant statistically.
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5.3.1.1

Recapture of Tagged Adults

At three of the four transplant locations, Warumbul, Shoalhaven and Minnamurra,
locals were recaptured at a higher rate than any group of foreign snails (Table 5.1). The
probability of this having occurred by chance alone (P(r=3)) is only 0.047. Therefore if
recapture rate is a reflection of survivorship then locals performed best in significantly
more instances than was expected. At the transplant locations where locals were
recaptured at the highest rate, differences in recapture rate between locals and the
highest ranking foreign group ranged from 33 to 1 1 4 % . The absolute difference in
recapture rate between locals and pooled foreign adults was only significant at
W a r u m b u l (%2; P < 0.01).

5.3.1.2 Growth and Condition of Adults

Although there was generally very little growth in shell length during the 12 month
experiment (overall m e a n growth increment ± S E = 2.42% ± 0.67; Table 5.2), local
snails exhibited the greatest growth at all transplant locations bar one (Shoalhaven). A s
per recapture rate, the probability of this having occurred by chance (P(r=3)) is only
0.047, and so again locals performed best in significantly more instances than was
expected. In all cases where locals performed best, the growth increment for locals was
more than 1 0 0 % greater than that for the highest ranked foreign group. However the
apparent interaction between source and transplant location was not statistically
significant (two factor A N O V A ; P = 0.70).

Consistent with the helical axis being the primary growth axis, the overall mean (±SE)
increase in tag to lip distance (0.49 c m ± 0.03) for recaptured snails, was more than
fourteen times that for total shell length (0.035 c m ± 0.006). Locals showed the greatest
relative increase in the tag to lip distance at two of the four transplant locations
(Minnamurra and Warumbul; Table 5.3). Whilst this is one more than was expected,
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Table 5.1. Numbers of tagged adult Bedeva hanleyi from each of the four source

populations recaptured at each location one year after reciprocal transplantation. Init
N = 100 in all treatments. Numbers in bold indicate results for local snails.
Heterogeneity %2 tests were used to compare recapture rates of local and (pooled)
foreign snails at each location.

Source population
Transplant
location

Ca

Sh

Mi

Callala

9

10

Shoalhaven

7

Minnamurra
Warumbul

Wa

Pooled
foreign

X2 (d.f.=l)

5

7

22

0.29ns-

12

6

9

22

2.10ns'

6

5

9

5

16

1.72n-s-

6

7

5

15

18

8.03**

n.s. - not significant; ** P < 0.01
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Table 5.2. Growth in shell length (cm) (as a percentage of initial shell length) of adult

Bedeva hanleyi from each of the four source populations, at each location, one year

reciprocal transplantation. Numbers in bold indicate results for local snails. Compa
of means were performed using two-factor ANOVA.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

Sh

Mi

Wa

Mean

2.21

0.33

0.40

0.60

SE
N

0.91

0.86

1.22

1.03

9

10

5

7

Mean

2.78

2.28

0.34

0.44

SE
N

0.98

0.75

1.06

0.86

7

12

6

9

Mean

0.85

1.78

8.19

3.01

SE
N

6.06

6.64

4.95

6.64

6

5

9

5

Mean

2.17

3.47

0.67

4.76

SE
N

2.55

2.36

2.80

1.61

6

7

5

15

d.f.

s.s.

F-ratio

P

3
3
9

3.17
110.95
367.13

0.02
0.64
0.71

>0.5
>0.5
>0.5

Two-factor analysis of variance
Effect
Source
Transplant location
Source x Transplant location
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Table 5.3. T h e ratio of growth (cm) between tag and shell lip to initial shell length (cm)
in adult Bedeva hanleyi from each of the four source populations, at each location, one
year after reciprocal transplantation. Numbers in bold indicate results for local snails.
Comparisons of means were performed using two-factor ANOVA.

Source population
Transplant
location

Ca

Sh

Mi

Wa

Mean

0.16

0.18

0.29

0.23

SE
N

0.04

0.04

0.05

0.05

9

10

5

7

Mean

0.24

0.20

0.33

0.24

SE
N

0.06

0.05

0.07

0.05

7

12

6

9

Mean

0.11

0.20

0.30

0.21

SE
N

0.05

0.06

0.04

0.06

6

5

9

5

Mean

0.25

0.26

0.27

0.29

SE
N

0.11

0.10

0.12

0.07

6

7

5

15

Effect d.f.

s.s.

F-ratio

Source 3
Transplant location
Source x Transplant location

0.18
0.07
0.07

1.72
0.68
0.23

Callala

Shoalhaven

Minnamurra

Warumbul

Two-factor analysis of variance

3
9_
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>0.1
>0.5
>0.5

the probability of this having occurred by chance alone is sufficiently high (P(r=2) =
0.21) that it can not be said that locals performed best significantly more often than
expected. A s for shell length, there was no significant interaction between source and
transplant location in terms of mean relative increase in the tag to lip distance (two
factor A N O V A ; P = 0.99). Across all groups of transplants the mean (±SE) increase in
the tag to lip distance (as a percentage of initial shell length) was 23.6% ± 1.65.

In terms of proportional growth in wet weight, locals again attained the highest ranked
performance at two out of four transplant locations (Warumbul and Callala; Table 5.4).
Again, the probability of performing best in 2 out of 4 trials (P(r=2) = 0.21) is
sufficiently high that it is necessary to conclude that the number of trials in which locals
performed best is not significantly greater than expected. In the two instances where
locals did perform best, the mean proportional increase in the wet weight of locals was
between 8 and 2 1 % higher than the mean for the highest ranking group of foreign
transplants at each location. A s for other measures of adult performance, there was no
significant interaction between source and transplant location in terms of mean
proportional growth in wet weight (two factor A N O V A ; P = 0.27). Across all sets of
transplants the m e a n (±SE) percentage growth in wet weight was 12.10% ± 1.59. For
the measure of body condition provided by the ratio of dry soft body weight to total dry
weight, local adults outperformed foreign adults at only one transplant location
(Warumbul; Table 5.5); i.e the number expected by chance alone. At W a r u m b u l the
mean estimate of body condition for locals was 16.7% higher than that for the highest
ranked group of foreign adults. Whilst there was a significant interaction between
source and transplant location (two factor A N O V A ; P = 0.000), multiple comparisons
were not performed as locals had not outperformed foreign transplants significantly
more often than was expected by chance alone.

185

Table 5.4. Growth in wet weight (g) (as a percentage of initial weight) of adult Bedeva
hanleyi from each of the four source populations, at each location, one year after
reciprocal transplantation. Numbers in bold indicate results for local snails. Comparisons
of means were performed using two-factor A N O V A .

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

Sh

Mi

Wa

Mean

14.00

11.53

9.73

3.88

SE
N

2.60

2.47

3.50

2.96

9

10

5

7

Mean

16.31

7.94

5.75

6.00

SE
N

4.29

3.28

4.64

3.79

7

12

6

9

Mean

5.30

3.24

8.94

21.87

SE
N

3.76

4.12

3.07

4.12

6

5

9

5

Mean

16.43

22.70

2.05

24.53

SE
N

11.78

10.91

12.91

7.46

6

7

5

15

d.f.

s.s.

F-ratio

3
3
9

828.46
1014.59
3314.74

0.94
1.15
1.25

Two-factor analysis of variance
Effect
Source
Transplant location
Source x Transplant location
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>0.1
>0.1
>0.1

Table 5.5. The ratio of dry soft body weight (g) to total dry weight (g) for adult Bedeva
hanleyi from each of the four source populations, at each location, one year after
reciprocal transplantation. Numbers in bold indicate results for local snails.
Comparisons of means were performed using two-factor ANOVA.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

Sh

Mi

Wa

Mean

8.60

5.94

9.83

8.33

SE
N

0.64

0.60

0.85

0.72

9

10

5

7

Mean

6.92

5.69

7.47

11.81

SE
N

0.57

0.44

0.62

0.50

7

12

6

9

Mean

7.19

5.14

7.86

9.37

SE
N

0.69

0.76

0.57

0.76

6

5

9

5

Mean

7.45

10.24

7.71

11.95

SE
N

0.96

0.89

1.05

0.61

6

7

5

15

d.f.

s.s.

F-ratio

P

3
3
9

219.51
52.93
161.43

20.23
4.88
4.96

< 0.001
<0.05
< 0.001

Two-factor a nalysis of variance
Effect
Source
Transplant location
Source x Transplant location
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5.3.1.3

Survivorship and Development of Intra-capsular Embryos

Whole capsule mortality was detectable two to three weeks after reciprocal
transplantation. Locally derived egg capsules had the highest survivorship at two of the
four transplant locations (Table 5.6), Callala (95%) and Shoalhaven (94%), but this was
not significantly more often than was expected on the basis of chance alone (P(r=2) =
0.21). Moreover, in neither instance where local egg capsules ranked higher than foreign
egg capsules was the survivorship rate for locals significantly different to that for pooled
foreign capsules (%2; P > 0.05). At Callala and Shoalhaven, the highest survivorship
rates for foreign egg capsules were 86 and 8 4 % respectively. Across all treatments, the
m e a n (±SE) whole capsule survivorship rate was 7 9 . 2 % ± 2.7.

Embryos first became discernible around two weeks after transplantation. After
counting the number of embryos in transplanted capsules it was revealed that locally
derived egg capsules had the highest mean number of embryos at two out of four
transplant locations (Callala and Shoalhaven). Although, as per whole capsule mortality,
this was not significantly more often than was expected based on chance alone (P(r=2) >
0.05) (Table 5.7).The transplant locations at which locals egg capsules outperformed
foreign egg capsules in terms of mean number of embryos per capsule, Callala and
Shoalhaven, were the same two locations at which locals had the overall highest whole
capsule survivorship rates. At Callala and Shoalhaven, the mean (±SE) numbers of
embryos per capsule for local egg capsules, 9.83 ± 0.68 and 10.65 ± 0.93 respectively,
were 4 and 9 % higher than the mean for the highest ranking group of foreign egg
capsules at each location. There was no significant interaction between the source of egg
capsules and transplant location in terms of the m e a n number of embryos per capsule
(two factor A N O V A ; P = 0.81). Across all treatments, the m e a n (±SE) number of
embryos per capsule was 9.61 ± 0.23.
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Table 5.6. The proportion of Bedeva hanleyi egg capsules from each of the four source
populations which survived (S) until hatching, at each location, after reciprocal
transplantation. Numbers in bold indicate results for local snails. Heterogeneity % 2 tests
were used to compare results for local and (pooled) foreign snails within each transplant
location.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

N
S
N
S
N
S
N
S

Sh

Mi

Wa

Pooled
foreign

19

17

21

14

52

0.95

0.82

0.86

0.86

0.85

19

18

25

16

60

0.84

0.94

0.68

0.81

0.77

18

16

23

14

48

0.77

0.75

0.78

0.86

0.79

22

19

23

12

64

0.55

0.84

0.61

0.75

0.66

n.s. - not significant
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X2 (d.f. =1)

1.29ns-

2.82n-s'

0.01ns-

0.40ns-

Table 5.7. T h e m e a n number of embryos per capsule for Bedeva hanleyi egg capsules
from each of the four source populations, at each location, after reciprocal
transplantation. Numbers in bold indicate results for local egg capsules. Comparisons of
means were performed using two-factor ANOVA.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

Sh

Mi

Wa

Mean

9.83

9.14

8.84

9.42

SE
N

0.68

0.77

0.66

0.83

18

14

19

12

Mean

9.80

10.65

9.53

8.38

SE
N

0.99

0.93

0.93

1.07

15

17

17

13

Mean

9.29

11.33

10.17

9.00

SE
N

0.97

1.05

0.86

1.05

14

12

18

12

Mean

10.75

9.69

8.86

8.89

SE
N

1.11

0.96

1.03

1.28

12

16

14

9

s.s.

F-ratio

51.65
11.83
66.04

1.36
0.31
0.58

Two-factor analysis of variance
Effect d.f.
Source
Transplant location
Source x Transplant location

3
3
9
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>0.1
>0.5
>0.5

A n estimate of the number of embryos that successfully hatched was inferred from the
number of empty shells of dead hatchlings found within open capsules. Because of
variation in the initial number of embryos per capsule, hatching success was assessed in
terms of the proportion of successful hatchlings per capsule (Table 5.8). Using this
measure of fitness it was found that locally derived egg capsules outperformed foreign
egg capsules at all 4 transplant locations. The probability of this having occurred
through chance alone is very small (P(r=A) = 0.004). Locals therefore ranked highest in
significantly more instances than was expected through chance alone. Across transplant
locations, m e a n (±SE) percent hatching success for locals ranged from 1 0 0 % ± 3.42 at
Callala to 98.77% ± 4.84 at Warumbul. Differences between the means for locals and
the m e a n for the highest ranking groups of foreign egg capsules at each location ranged
from 0.38% to 9.06%. A s for other performance measures there was no significant
interaction between source and transplant location in terms of percent hatching success
(two factor A N O V A ; P = 0.55). The overall mean (±SE) percent hatching success was
94.47% ± 0.96.

Local egg capsules also outperformed foreign egg capsules at all 4 transplant locations
in terms of the proportion of capsules that contained unused eggs (Table 5.9). Again, the
probability of this having occurred as a result of chance is only 0.004, and so again
locals performed best significantly more often than expected. Across transplant
locations the proportion of local egg capsules containing unused eggs ranged from 6 % at
Callala, Shoalhaven and Minnamurra to 0 % at Warumbul. Differences in proportions
for locals and the highest ranking groups of foreign egg capsules at each location ranged
from 1 to 6%. However in no instance was there a significant difference between local
and pooled foreign egg capsule in the proportion of capsules containing unused eggs
(X2; P > 0.05). A n additional finding that emerged was that, for capsules from each of
the four sources, those in which unused eggs were observed, produced 3 9 - 5 0 % fewer
embryos than those in which all eggs either developed or were eaten (r-test; P < 0.01 in
all instances).
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Table 5.8. The mean percentage of embryos hatching per capsule for Bedeva hanleyi egg

capsules from each of the four source populations, at each location, after reciprocal

transplantation. Numbers in bold indicate results for local egg capsules. Comparisons
means were performed using two-factor ANOVA.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

Sh

Mi

Wa

Mean

100

98.98

99.62

95.94

SE
N

3.42

3.88

3.33

4.19

18

14

19

12

Mean

88.64

98.53

92.96

91.31

SE
N

3.75

3.52

3.51

4.02

15

17

17

13

Mean

91.25

85.93

94.99

87.58

SE
N

3.88

4.19

3.42

4.19

14

12

18

12

Mean

93.84

95.23

93.37

98.77

SE
N

4.19

3.63

3.88

4.84

12

16

14

9

s.s.

F-ratio

146.04
2356.52
1662.02

0.23
3.73
0.88

Two-factor analysis of variance
Effect d.f.
Source
Transplant location
Source x Transplant location

3
3
9

192

>0.1
>0.1
>0.1

Table 5.9. The proportion of Bedeva hanleyi egg capsules from each of the four source
populations in which all (A) eggs either developed or were consumed as nurse eggs.
Numbers in bold indicate results for egg capsules obtained from local snails.
Heterogeneity y2 tests were used to compare results for local and (pooled) foreign egg
capsules within each location.

Source population
Transplant
location

Callala

Shoalhaven

Minnamurra

Warumbul

Ca

N
A
N
A
N
A
N
A

Sh

Mi

Wa

Pooled
foreign

18

14

19

12

45

0.94

0.93

0.74

0.58

0.76

15

17

17

13

45

0.73

0.94

0.88

0.77

0.80

14

12

18

12

38

0.86

0.92

0.94

0.92

0.89

12

16

14

9

42

0.92

0.94

0.79

1.00

0.88

n.s. - not significant
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X2 (d.f. = D

2.98ns'

1.82ns-

0.37n-s'

1.82n-s.

5.4

DISCUSSION

The finding that for a number of performance measures, both local adults and intra
capsular embryos, did best in significantly more trials than would have been expected by
chance alone provides strong evidence that within their native population, local Bedeva
hanleyi are typically more fit than those imported from foreign locations. This finding
consistent with expectations based on the apparently philopatric life history of B.
hanleyi, and with findings for other benthic marine invertebrates that are either known
to have (Ayre 1985, 1995), or suspected of having, highly subdivided populations
(Brown & Quinn 1988, Behrens Yamada 1989, Bertness & Gaines 1993).

5.4.1 Localised Adaptation in Bedeva hanleyi

5.4.1.1 The Statistical Power of Tests

The fact that mean performance differences between groups of local and foreign Bedeva
hanleyi were not statistically significant is possibly a reflection of the small sample
numbers that were available (N = 5 to 19 per treatment). As an adjunct to two factor
ANOVA's that reveal insignificant treatment effects, the statistical software JMP
version 2.0 (SAS Institute 1991) calculates the smallest number of observations that
would be required to minimise the variance sufficiently that a significant result could
obtained from populations with the same mean. According to these analyses sample
sizes in the present study were more than an order of magnitude too small to produce a

significant interaction between source and transplant location. Of course, the alternati

explanation that the interaction between source and transplant location really does have
no significant effect on fitness in B. hanleyi must also be entertained. Although, the
tendency for locals to do best in terms of ranked performance scores significantly more
often than would be expected by chance alone argues against this explanation.
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5.4.1.2

The Relative Performance of Local and Foreign Adults

O f the five measures of adult performance used in the present study, three are judged to
be independent of one another (these are; (1) recapture rate, (2) tag to lip growth / initial
shell length, and (3) dry soft body weight / total dry weight). Assuming this to be true,
and given the independence of the four transplant locations, these three measures allow
for twelve independent tests of the local adaptation hypothesis. O f these twelve tests,
local adults did best in six instances and second in three. The probability of locals
ranking highest in six out of twelve tests by chance alone (as judged by a binomial test)
is significantly low (P(r=6) = 0.04).

Having argued that local adults are more fit than imported foreign adults, it is importa
to recognise that since adults appear to be extremely slow growing (Chapter 4) those
adults used in experiments had almost certainly spent several years in their native local
population prior to reciprocal transplantation. Consequently, findings for adults could
reflect localised adaptation and/or prior acclimation. A number of studies of other
marine gastropods have shown that the expression of traits such as growth rate, shell
sculpturing and pedal surface area (important for adhesion) m a y be highly modified by
local environmental factors (Janson 1982, Palmer 1985, Etter 1988). The only evidence
for the influence of environmental differences among the local populations employed in
this study was the detection of significant variation in adult shell length amongst the
four populations. Similar findings for other muricids have been attributed to differences
a m o n g sites in the abundance and/or species composition of prey items (Spight 1974,
Spight 1982). Evidence from other studies (Spight 1974) shows that prior acclimation in
muricid gastropods m a y also include the acquisition of local geographic knowledge. In
his studies of the muricid Thais lamellosa Spight (1974) observed that adults m a y
annually m o v e longshore distances of up to 25 m to return to the same crevice for
communal breeding. If adult B. hanleyi were able to learn and employ similar skills in
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their acquisition of food, refugia or mates, then this would further advantage long term
residents over recent transplants from foreign locations.

5.4.1.3 Localised Adaptation in Intra-capsular Embryos

Reciprocal transplants of egg capsules revealed similar findings to those obtained from
experiments with adults; i.e. locals tended to obtain the highest ranked performance
score, but differences in performance were typically not statistically significant.
However, the tendency for local egg capsules to obtain the highest ranked score was
somewhat greater than that for local adults. A s for adults, only three of the measures
used to assess the performance of egg capsules are regarded as independent of one
another (these are; (1) whole capsule mortality rate, (2) number of developing embryos
per capsule, and (3) proportional hatching success per capsule. Again, the three
independent fitness measures combined with the four transplant locations provide
twelve independent tests of the local adaptation hypothesis. O f these twelve tests locally
derived egg capsules did best in eight instances, and second best in three (cf. 6/12 best,
and 3/12 second best performance scores for adults). B y chance alone locals would have
been expected to perform best in only three independent tests. The probability that local
egg capsules performed best in 8 out of 12 independent tests by chance alone is
extremely low (P(r=s) = 0.002). Moreover, experimental tests with egg capsule data
were of greater power than those for adults, as sample sizes were generally more than
twice as large.

In terms of the evolutionary implications of findings, the most important aspect of the
experiment with intra capsular embryos (cf. adults) was that egg capsules were collected
from aquarium populations and therefore had no direct experience of their ancestral
habitat. Consequently the reciprocal transplantations of egg capsules provide the best
evidence that there is a significant genetic component to the superior performance of
local embryos, i.e. that B. hanleyi are truly locally adapted. The only other phenomenon
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that could explain the findings for egg capsules would be if intra capsular embryos had
benefited from prior acclimation indirectly via their mothers. For instance mothers may
have modified the structure and/or provisioning of egg capsules to suit local conditions
as perceived in the weeks or months prior to being collected and transferred to aquaria.
One means of controlling for this eventuality, would be to assess the fitness of egg
capsules produced by adults that had had some period to acclimatise post-reciprocal
transplantation. However this would raise the possibility that offspring might not be the
product of matings between individuals from the same local population. This would not
only make it impossible to assess the site-specific fitness of individuals from different
closed sources, it would entail the added complication that offspring viability might be
adversely effected by outbreeding depression owing to the disruption of intra-genomic
coadaptations (e.g. Burton 1986, Grosberg 1987, Brown 1991). One means of
investigating whether intra capsular embryos benefited from prior acclimation via their
mothers would be to carry out simultaneous reciprocal transplants with egg capsules
collected from mothers that had spent differing amounts of times in aquaria away from
their native population. This should involve establishing breeding populations in aquaria

at least one reproductive season prior to the collection of egg capsules prior to reciproc
transplantation.

The fact that reciprocal transplants with egg capsules and adults both provided evidence
for the superior performance of locals, but that this finding emerged after only 6-7
weeks with egg capsules (cf. 1 year for adults), suggests that intra-capsular embryos are
more sensitive to environmental differences among transplant locations. Whilst
insufficient information is available to speculate about the relative intensities of
ecological risks (i.e. predation, parasitism) to B. hanleyi before and after recruitment,

there is evidence to show that the early life history stages of other marine invertebrates
are typically more vulnerable to extremes of physio-chemical factors than adults (Davies
1969, Foster 1969, Branch 1975). A finding that has been attributed to the increased
surface area to volume ratio that is associated with increased body size (assuming body
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shape remains constant). Considering that all instances of embryo mortality in this study
were recorded for embryos in undamaged capsules, it is considered most likely that the
causes of death were either physio-chemical stress or infection by micro-organisms (e.g.
Ganaros 1957).

5.4.1.4 Broad-scale Adaptation in Bedeva hanleyi

Multi-locus allozyme data for Bedeva hanleyi (Chapter 3) indicates that local
populations between -300 and 800 k m north of those used in the present study (i.e.
those in the 'northern region'; Chapter 3) are m u c h more different genetically than those
within a radius < 300 k m ((i.e. those in the 'southern region'; Chapter 3). This study
presents evidence for local adaptation in four 'southern' populations separated by only
35 to 135 k m . If the large genetic differences between 'northern' and 'southern' regions
are the result of strong region-specific selection pressures (e.g. pressures resulting from
persistent regional differences in average temperature), then reciprocal transplantation
of B. hanleyi between 'northern' and 'southern' populations should reveal even more
intense selection against foreign individuals. Evidence from another marine species that
supports this prediction is provided by Ayre et al. (1991) and Ayre (1995). Also using
allozyme techniques, Ayre et al (1991) detected high levels of genetic subdivision
between N S W and Victorian local populations of the sea anemone Actinia tenebrosa. In
his subsequent transplant experiments with A. tenebrosa, Ayre (1995) found that in
three populations in N S W , fitness differences between locals and foreign N S W clones
were typically less than the fitness differences observed between N S W locals and
foreign clones from Victoria.

5.4.2 The likelihood of Intra-genomic Coadaptation in Bedeva hanleyi

Owing to the fact that many Bedeva hanleyi died before matings could be initiated, it
was not possible to test for intra-genomic coadaptation within local populations via
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comparisons of the fitness of Fi progeny resulting from intra- versus inter-population
matings (as per Burton 1986, Grosberg 1987, B r o w n 1991). However, given the
preceding evidence for adaptation to local external conditions, it would seem likely that
had matings been possible, evidence for coadaptation within local populations would
have been obtained; i.e. Fi progeny from intra-population crosses would have been seen
to be typically more fit than those resulting from inter-population crosses. The correct
prediction of localised adaptation in B. hanleyi was m a d e without any prior knowledge
of whether the four local populations studied were subject to divergent environmental
conditions. However, fulfilment of the equivalent prerequisite for outbreeding
depression to occur; i.e. genetic divergence among local populations (Burton 1987), has
been demonstrated via allozyme surveys (Chapters 2 & 3). A s such, the only unknown
quantity is the extent to which gene combinations within these populations select for
harmonious interaction.
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CHAPTER 6

GENERAL DISCUSSION

Allozyme and ecological data for the direct developing Australian gastropod Bedeva
hanleyi indicate that dispersal is predominantly philopatric, and that the genetic
composition of existing local populations has been influenced by low gene flow
combined with both strong drift and site-specific natural selection. Since estimates of
the effective size (Ne) of existing local populations are sufficiently large (-400 to 1200)
that drift should currently only be low to negligible (Chapter 4), it is concluded that the
observed effects of drift (e.g isolation by distance; Chapter 3) are primarily due to
historical periods of low gene flow and small Ne, whilst the effect of site-specific
selection (i.e. localised adaptation; Chapter 5) is a relatively recent product of low gene
flow and large A^. If existing populations were currently under the influence of strong
drift it is unlikely that localised adaptation would have been detected. Within a
population, the immediate effect of strong genetic drift should be to inhibit localised
adaptation, firstly by eroding variability upon which selection could act, and secondly by
preventing the effects of site-specific selection from accumulating in a deterministic
manner.

6.1 Genetic Population Structure and Larval Life History

Evidence that direct development results in philopatric dispersal and thus low gene flow
a m o n g local populations w a s provided by a comparison of the genetic structure of
Bedeva

hanleyi with that of another direct developing gastropod, the buccinid

Cominella lineolata, and, most crucially, that of the planktonically developing muricid
Morula marginabla (Chapter 2). Along the same portion of the coast of south-eastern
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Australia, both B. hanleyi and C. lineolata exhibited substantially higher levels of
differentiation a m o n g local populations, and significantly less variability within local
populations relative to M. marginabla. This was taken to indicate that, by restricting the
potential for gene flow, direct development had allowed local populations to accumulate
the effects of drift and/or site-specific natural selection, whilst planktonic development
had resulted in regular long distance gene flow and mitigation of the effects of
diversifying forces.

Given that local populations of both Bedeva hanleyi and Cominella lineolata appeared
to exchange very few genetically effective migrants, it was expected that there m a y have
been s o m e degree of differentiation within local populations. Geographically restricted
dispersal can lead to intra-population differentiation via a reduction in effective
population size and subsequent promotion of random inbreeding (Wright 1931, Slatkin
1985). However, for both species, genotype proportions within local populations were
overwhelmingly consistent with expectations for Hardy-Weinberg ( H W ) equilibrium.
This in turn implies that in all sampled local populations there is no close inbreeding,
either random, due to small Ne, or non-random, due to assortative mating. Although, the
possibility can not be discounted entirely because the sample sizes used in the present
study these factors are only likely to reveal significant deviations from H W equilibrium
w h e n levels of these factors are moderate to high. If local populations do indeed exhibit
H W genotype proportions, it is worth noting that this could also imply that the effects of
inbreeding/assortative mating have been obviated by heterotic selection (e.g. Sassaman
1978). This is unlikely however, given that H W genotype proportions in each species
were observed at six apparently unlinked loci. Patterns produced by natural selection
tend to be unique to individual loci or groups of loci that are tightly linked (CavalliSforza 1966, Slatkin 1985). In the majority of instances, loci surveyed in local
populations of Morula marginabla also revealed H W genotype proportions. A finding
that was deemed to be consistent with recruitment from a planktonic gene pool which
combines the products of discrete but undifferentiated adult breeding populations.
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Overall, the differences in genetic population structure observed in south-eastern
Australia between the direct developers Bedeva hanleyi and Cominella lineolata, and
the planktonic developer Morula marginabla are almost identical to those found by
Hunt (1993 a & b), within the same area of coast, between the direct developing starfish
Pateriella exigua and its planktonically developing congener P. calcar. Findings
reported for B. hanleyi, C. lineolata, and M. marginabla are also reflect those obtained
for other gastropods with comparable modes of larval development (Ward 1990, B r o w n
1991, Grant & Lang 1991, Johnson & Black 1991, Liu et al. 1991). This study therefore
provides additional support for the hypothesis that the genetic structures of benthic
marine invertebrates are overwhelmingly influenced by events that occur prior to
recruitment (Burton & Feldman 1982, Knowlton & Jackson 1993).

Having argued that there is typically no close inbreeding within local populations, it i
important to stress that this is not tantamount to saying that Bedeva

hanleyi is

predominantly outbred. Even if there were effective panmixia with respect to sampling
effects within all local populations (i.e. Ne > 1000; Wright 1969), the fact that the
species is subdivided at all would m e a n that the level of inbreeding is still high relative
circumstances in which there was range-wide panmixia. This point is emphasised
because there has traditionally been m u c h confusion in the literature as to what actually
constitutes inbreeding (Shields 1993). S o m e authors have regarded anything other than
mating between immediate kin as outbred mating (e.g Ralls et al. 1986). However, as
Shields (1993) stated, " A s long as a species breeds in structured demes, the degree of
inbreeding entailed can be sufficient to have significant evolutionary effects".

6.2 Genetic Drift in Bedeva hanleyi

The main finding which implicated drift as the primary factor underlying the observed
genetic structure of Bedeva hanleyi in eastern Australia was that, for several unlinked
loci, the level of subdivision in the region north of 33° S, where the major nearshore
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current (the East Australian Current (EAC)) flows along the shore, was less than that
detected south of 33° S, where currents flows in a predominantly offshore direction.
This finding was interpreted as an indication that, in the northern region, the EAC
provides greater opportunity for gene flow via rafted dispersal, and therefore less
opportunity for genetic drift. Although it is probable that geographic variation in the
behaviour of the EAC causes only a slight regional difference in the average strength of

gene flow, it is not unfeasible that this could have had a detectably large effect on the
level of subdivision caused by genetic drift. When there is low average gene flow, as is
apparently the case in B. hanleyi, variation in gene flow has a proportionately greater
effect on the potential for drift than when there is high average gene flow (Wright
1978). This stems from the fact that the magnitude of drift is related to the inverse of
strength of gene flow (Wright 1978). It is believed to be for this reason that two

Australian species capable of high levels of gene flow via planktonic larvae, the starfi
Pateriella calcar (Hunt 1993a) and the clam Donax deltoides (Murray-Jones & Ayre In
review), appear to be more or less panmictic across both northern and southern regions.

An additional finding that pointed to low gene flow and stronger genetic drift in the

southern region, was that again for several unlinked loci, northern populations exhibited
a strong pattern of isolation by distance (sensu Wright 1943), whilst amongst southern
populations, there was no correlation whatsoever between divergence and distance of

separation. The significance of this finding lies with two facts; (1) isolation by distan
occurs as a result of equilibration between genetic drift and stepping-stone gene flow
(sensu Kimura & Weiss 1964), and (2), the rate at which gene flow and drift approach
equilibrium is inversely related to the strength of gene flow (Crow & Aoki 1984). That
the stepping-stone model should apply to B. hanleyi was predicted a priori on the basis

of its philopatric life history, an assumption for which there are a number of precedents
e.g. Hunt 1993a, Burton & Lee 1994, Hellberg 1994, Johnson & Black 1995.
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Regional variation in the strength of gene flow is not the only possible explanation for
observed differences between northern and southern regions, but it is almost certainly
the most parsimonious. For selection to have produced the same set of findings there
would have to have been (1) stronger selection for genetic variability within northern
populations, (2) more diversifying selection a m o n g southern populations, and (3), a
situation in which the magnitude of selective difference between populations increases
with distance of separation in the northern region, but varies randomly a m o n g southern
populations. Even if all assayed loci were tightly linked, it is difficult to envisage h o w
the selective regime of northern and southern regions could be this different. Alternative
explanations that do not rely on selection could explain some of the key findings, but
not all simultaneously. Either recent colonisation of the southern region, or higher levels
of long distance gene flow could explain the absence of isolation by distance within this
region, but it would not explain w h y it exhibits greater population subdivision.
Similarly, lower average Ne in the southern region could explain w h y there is greater
subdivision, but it would not explain the absence of isolation by distance.

To further investigate the 'EAC/gene flow hypothesis' for Bedeva hanleyi it would be
worthwhile comparing the findings obtained for the six allozyme loci used in the present
study (Pgm-1 & 2, Sod-2, Oct, Lt-1, & -2 ), with those obtained using other variable
allozyme loci, and other classes of genetic marker, e.g. mitochondrial

DNA

polymorphisms. Comparisons of this type occasionally lead to vastly different
conclusions about the genetic inter-relationships of local populations (e.g. Buroker 1983
cf. Reeb & Avise 1990 for the oyster Crassostrea virginica). Another useful means of
testing the 'EAC/gene flow hypothesis' would be to examine whether other Australian
benthic marine invertebrates suspected of low gene flow potential, e.g. the direct
developing starfish Pateriella exigua, exhibit the same differences in genetic structure
between northern and southern regions as those observed in B. hanleyi.
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The conclusion that local populations currently experience only weak genetic drift was
based partly on estimates of Ne for two populations that were typical of those sampled
for the allozyme survey. Values of Ne for these populations were calculated as the
product of effective density (de) and neighbourhood area (sensu Wright 1946).
Estimates of de were obtained by adjusting estimates of actual density according to (1)
the proportion of mature individuals, (2) an assumed relationship between size and
individual productivity, (3) the observed sex ratio and (4) the extent to which numbers
fluctuated over -17 months. Estimates of neighbourhood area were based on the
distances m o v e d by adults after -13 months. It is because of the relatively short period
over which population fluctuations were monitored, that estimates of Ne were used to
infer only the current importance of drift. However, given the approach employed, there
is one major factor that m a y partially invalidate estimates of current Ne. However, since
this factor would imply underestimation of current Ne, it would not invalidate the
conclusion that there is currently little random drift within populations. The factor
alluded to is underestimation of neighbourhood area. There are two ways in which this
m a y have arisen. Firstly, it is unlikely that adults were followed for a full generation.
This is important because neighbourhood area depends on the variance of dispersal
distances after a full generation (Wright 1969). Estimates of generation time for B.
hanleyi based on adult growth rates ranged from -17 to 22 years. Secondly, and more
importantly, it is possible that the crawling movements of adults are exceeded by either
drifting of juveniles on 'mucus sails' (e.g. Vahl 1983, Martel & Chia 1991b), and/or
rafting of juveniles on buoyant algae (e.g. Highsmith 1985). There is no direct evidence
of either m o d e of dispersal in B. hanleyi, although attached clumps of the buoyant
phaeophyte Hormosira

banksii have occasionally been found to contain juvenile B.

hanleyi (pers. obs.). In future it would be worthwhile collecting detached H. banksii and
examining them for rafting juveniles.

There are a number of indirect genetic approaches that could also be utilised in future
studies of Ne. O n e such approach is to combine direct estimates of population density
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with estimates of neighbourhood area based on the spatial scale at which there is
detectable genetic subdivision ( F S T > 0.011) (Johnson & Black 1995). Another method
(Waples 1989) allows Ne to be estimated directly from the extent to which allele
frequencies within populations drift from generation to generation. Underlying this
method is Wright's (1931) demonstration that the extent of random drift in allele
frequencies each generation is related to the inverse of Ne. The main advantage of these
indirect genetic methods is that they integrate rare long distance dispersal events which
would probably go unnoticed in direct studies. Future investigations of Ne for B. hanleyi
should m a k e use of these methods.

Although the direct approach used to estimate Ne in Chapter 4, and the indirect
approaches outlined above are different in m a n y regards, they share the commonality
that all result in estimation of current Ne rather than evolutionary Ne; i.e. the estimate of
A^e which takes into account all historical fluctuations in population size. Only
evolutionary Ne allows accurate assessment of the overall extent to which populations of
a species have been influenced by genetic drift (Wright 1969). The discrepancy between
current A ^ and evolutionary Ne being greatest for populations which undergo large
temporal fluctuations in size. This is because periods of very small Ne are associated
with extreme drift, the effects of which m a y persist for m a n y generations (Nei et al.
1975, Chakroborty &

Nei 1978, Slatkin 1985). It is because of this effect that

evolutionary A ^ is closer to the harmonic m e a n of numbers over time rather than the
arithmetic m e a n which is always larger w h e n numbers vary (Wright 1969). The
seemingly self-contradicting conclusion that strong drift underlies the high levels of
subdivision observed in the allozyme survey of Bedeva hanleyi (Chapter 3), but that
local populations are currently large enough to prevent strong genetic drift (Chapter 4)
arises because this study has not estimated evolutionary A^. For these statements to be
reconciled, evolutionary Ne for B. hanleyi must be substantially smaller than current Ne.
Historical phenomenon that could have served to depress evolutionary Ne relative to
current Ne include population crashes which leave only a few survivors, and/or, local
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extinctions followed by founder events involving only a small number of rafted
individuals.

If it were correct that the loci assayed in Bedeva hanleyi are predominantly influenced
by genetic drift, and that local populations are currently characterised by moderate to
large Ne, then this would argue strongly that the widespread occurrence of HardyWeinberg genotype proportions within local populations (Chapters 2 & 3) results from
an absence of close inbreeding rather than mitigation of its effects by selection
favouring heterozygotes (e.g. Sassaman 1978).

6.3 Site-specific Selection in Bedeva hanleyi

Although it appeared that the loci that were assayed in Bedeva hanleyi had been
primarily influenced by genetic drift, reciprocal transplantation of adults and intracapsular embryos (Chapter 5) implied that other loci had been affected by site-specific
natural selection. At the conclusion of reciprocal transplant experiment it was found
that, in a majority of cases, the recapture rate of local adults was higher than that of
foreigners, and, that locals tended to exhibit the greatest m e a n growth in shell length.
Local egg capsules exhibited the highest percentage hatching success, and the lowest
incidence of egg wastage (eggs that neither developed nor were consumed as nurse
eggs) at all transplant locations. Binomial probabilities indicated that it is highly
unlikely that these outcomes could have eventuated through chance alone. T o the extent
that the measures used provide an accurate indication of fitness, these trials imply that
the performance of local individuals was superior to that of individuals introduced from
foreign populations. This finding is consistent with expectations based on the apparently
philopatric life history of B. hanleyi, and with findings for other benthic marine
invertebrates that are either k n o w n to have (Ayre 1985, 1995), or suspected of having,
highly subdivided populations (Brown & Quinn 1988, Behrens Y a m a d a 1989, Bertness
& Gaines 1993).
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Although results for both life history stages imply that fitness is site-specific, intracapsular embryos provide the strongest evidence that fitness differences are the result of
localised adaptation. Adults had had direct experience of their native habitat before
reciprocal transplantation, and as such it is possible that the superior performance of
local adults is attributable to prior acclimation and not localised adaptation. This
criticism can be levelled in varying degrees to all previous studies which purport to
reveal evidence for localised adaptation in other species of benthic marine invertebrate
(e.g. Ayre 1985, 1995, Behrens Yamada 1989, Bertness & Gaines 1993). In addition to
providing strong evidence of local adaptation, this study was the first marine study to

simultaneously investigate the site-specific fitness of two different life history stages o
the same species.

Evidence that Bedeva hanleyi exhibits localised adaptation is consistent with the earlier
conclusion that local populations are currently sufficiently large that random drift has
little effect on allele frequencies. Within a population, the immediate effects of strong

genetic drift would be to inhibit localised adaptation, firstly by eroding variability upon
which selection could act, and secondly by preventing the effects of site-specific
selection from accumulating in a deterministic manner.

Although reciprocal transplantations of adults and intra-capsular embryos revealed that,
for several measures, the performance of locals was ranked highest in significantly more
trials than would have been expected through chance alone, comparisons across
treatments (using two-factor ANOVA and contingency %2-tests) revealed that absolute
differences in performance were not statistically significant in all cases. It is assumed
here that this was because of the relatively small sample sizes that were available (AT = 5
- 19 per treatment). Retrospective analysis of the smallest number of observations that
would have been required for two-factor ANOVA's to reveal a significant difference
between the same treatment means indicated that sample sizes in the present study were
more than an order of magnitude too small. Unfortunately because of the difficulty of
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collecting sufficient individuals for transplants and the collection of egg capsules
without incurring massive damage to patches of microhabitat (Chapter 4), it is unlikely
that these experiments could be repeated with sample sizes that are an order of
magnitude larger. That is unless the need for such large initial samples could be partly
obviated by improved methods for identifying and locating individuals at the end of
trials, particularly in the case of adults. O n e means of achieving this might be to
transplant adults into secure enclosures within local populations (e.g Behrens Y a m a d a
1989). However it is well k n o w n that such enclosures can result in drastically different
environmental conditions relative to the natural environment (Hairston 1990).

An additional prediction that was made of Bedeva hanleyi was that philopatry should
have facilitated intra-genomic coadaptation within local populations. It had been
intended (Chapter 5) to test this prediction by comparing the fitness of Fi progeny
arising from matings between individuals from the same population with the fitness of
similar progeny resulting from matings between individuals from different populations
(as per Burton 1986, Grosberg 1987, B r o w n 1991). If localised coadaptation has
occurred in a species, matings between individuals from genetically divergent local
populations should typically result in outbreeding depression due to the disruption of
coadapted gene complexes (Wallace 1968, Price & Waser 1979, Shields 1982).
Unfortunately, owing to fact that m a n y B. hanleyi died during the holding period
intended to allow females to divest themselves of store sperm, it was not possible to test
this hypothesis. However, it is predicted that had matings occurred, there is a strong
chance that outbreeding depression would have been observed in Fi progeny. The
correct prediction of localised adaptation in B. hanleyi was m a d e without any prior
knowledge of whether the four local populations studied were subject to divergent
environmental conditions. However, fulfilment of the equivalent prerequisite for
outbreeding depression to occur; i.e. genetic divergence a m o n g local populations
(Burton 1987), has been demonstrated via allozyme surveys (Chapters 2 & 3). A s such,
the only unknown quantity is the extent to which gene combinations within these
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populations select for harmonious interaction. O n e possible future approach to testing
for localised coadaptation in B. hanleyi might be to circumvent the need for mating by
extracting eggs and sperm directly from the gonads of adults and combining them in
vitro (e.g. Grosberg 1987 for the ascidian Botryllus schlosseri). However this may be
problematic for gastropods such as B. hanleyi which mate via copulation, because
fusion of egg and sperm is normally facilitated by accompanying secretions produced in
the lower reproductive tract of both males and females (Fretter & Graham 1962).

6.4 Why Philopatry in Bedeva hanleyi?

Having concluded that Bedeva hanleyi combines genetic subdivision with localised
adaptation, and probably intra-genomic coadaptation, it is worth considering whether
this is simply a by-product of its philopatric life history, or possibly part of its
underlying cause. Shields (1982) argued that for species which occupy environments
that are spatially heterogenous but temporally predictable, philopatry is an adaptive
tactic because it promotes inbreeding and the retention of well adapted genotypes within

the parental habitat; i.e. when there is a high probability that offspring will experienc

the same conditions as their parents, selection favours faithful replication of the paren
genome.

Further evidence that inbreeding might be an adaptive strategy for Bedeva hanleyi, is

provided by the fact that local populations typically exhibited a significant female bias
(M:F -0.7:1). Both Maynard Smith (1978) and Williams (1975) reasoned that, under
circumstances in which inbreeding is adaptive, there will be an ecological cost if sexes
are produced in equal numbers. If males function solely to fertilise females, and
inbreeding is guaranteed (in this case through philopatry), then only sufficient sons
should be produced to insure that all of a females daughters are fertilised. Under these
circumstances, excess males would not only represent wasted reproductive effort on the

210

part of mothers, they would also constitute a drain on ecological resources that could be
better spent enhancing female fecundity (Hamilton 1967).

Even if it could be demonstrated with surety that inbreeding was adaptive for Bedeva

hanleyi this would not necessarily imply that direct development evolved in this species
as a means of promoting philopatry. There are two reasons for this. Firstly, direct
development may have evolved due to the influence of factors such as latitude (Thorson
1950, Spight 1977), adult size (Strathmann & Strathmann 1982) and phylogeny
(Strathmann 1977). Secondly, once a species had evolved direct development, for what
ever reason, if the niche it occupied were spatially heterogenous but temporally

predictable, there would be no reason why it could not accrue the benefits of philopatry
and inbreeding.

6.5 Does Bedeva hanleyi Benefit From Synergistic Effects of Drift and Selection?

Up to this point it has been argued that the immediate effect of strong drift in a
population should be to inhibit adaptation, firstly by eroding variability upon which
selection could act, and secondly by preventing the effects of selection from
accumulating in a deterministic manner. However there are a number of models which

predict that populations in which drift and selection alternate in relative influence ma
ultimately reach a higher adaptive state than similar populations in which drift never
occurs (Wright 1931, 1982, 1988, Mayr 1942, 1954, Templeton 1980).

These models rely on the fact that random drift is the only means by which a population
can 'shift' from a genotype of low fitness to one of higher fitness under circumstances
where intermediate genotypes are less fit than either the antecedent or the novel
genotype. Factors which could cause intermediate genotypes to be associated with low
fitness include heterozygous disadvantage and/or unfavourable epistatic interactions.
Under these conditions, and borrowing Wright's (1931) metaphor of the 'adaptive
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landscape', selection alone could not carry a species across a 'valley' of low fitness to
reach a higher adaptive 'peak'. The two major classes of theory that utilise this
phenomenon are the shifting balance theory (Wright 1931, 1982, 1988) and the founder
effect speciation theory (Mayr 1942, 1954).

The starting point for Wright's shifting balance theory is the contention that when a

species consists of a large number of small partially isolated local breeding groups, ea

subject to the random effects of genetic drift, there is a strong likelihood that somewh
in time and space a particular combination of genes will emerge which, if present
throughout the species range, would raise the entire species to a higher adaptive level
(Phase I). Wright then envisaged that once such a genotype had emerged, it would
become the dominant genotype throughout the species via selection, enhanced local

productivity and increased rates of emigration. Firstly in the local population where th
genotype emerged (Phase II), and subsequently in all local populations that received the
genotype via immigration (Phase III).

Although Bedeva hanleyi appears to possess the population structure required by the
shifting balance theory, it is proposed here that this evolutionary mode is unlikely to
hanleyi. The argument against shifting balance evolution in B. hanleyi is based on the

recognition by Haldane (1959) that Phase HI is likely to be constrained by the fact that,
within a population, a small number of new genotypes have to compete with a large
number of old ones. For B. hanleyi, Phase HI is likely to be particularly constrained by
the fact that new immigrant genotypes are likely to be competing with old resident
genotypes that are both more numerous and highly locally adapted. The effect of this
should be to raise the critical level of migration required for the universally adaptive
genotype to be successfully integrated into any foreign local population. It is worth
noting that this situation would not be further confounded if it were found that B.
hanleyi has experienced localised coadaptation. In fact it has even been proposed that
under low levels of migration (m < 0.05), localised coadaptations may even facilitate
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Phase IE (Crow et al. 1990). The explanation for this prediction lies with the temporary
decrease in the average fitness of the recipient population, due to outbreeding
depression, that would be expected during the initial stages of Phase IH (Crow et al.

1990). It was reasoned that as the average fitness of the recipient population declines,
each new wave of immigrants would find themselves in an increasingly hospitable
environment, with their competitors being increasingly less fit. An incoming genotype
with only a slight advantage over the original population might have a much larger
advantage over a population of recombinants (Crow et al. 1990). Because matings
between immigrants and residents should not alter the physio-chemical conditions to
which immigrants are exposed, the effect on the critical migration rate of local
adaptation in the recipient population should not alter over time.

In the scenario envisioned in founder effect speciation (Mayr 1942, 1954, Templeton

1980), a few individuals found a new population and the stochastic transition to a highe
adaptive peak is accompanied by reproductive isolation from other populations. This
theory is the favoured explanation for island speciation (Provine 1989). Following
founder speciation, replacement of the old species by the new species in other local

populations is likely to be much less constrained than the equivalent process in shiftin
balance evolution. When there is reproductive isolation there is not the necessity of
direct genetic interaction between the old and the new genotype (Gavrilets & Hastings
1996). As for the likelihood of Bedeva hanleyi being out-competed and replaced

throughout its range by a sibling species generated via founder effect speciation, there

would again be the difficulty that the spread of the new species would be constrained by

the necessity of competing with an old species that is highly adapted to local condition

Having predicted that Bedeva hanleyi is unlikely to maintain its unity as a species and
undergo range-wide adaptive advance in the shifting balance mode, or, be entirely
replaced by a sibling species generated via founder effect speciation, it is still

considered likely that B. hanleyi has benefited from stochastic transitions to otherwise
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unobtainable adaptive peaks. The model proposed for B. hanleyi differs from the
shifting balance model in that involves the stochastic emergence of genotypes that have
local, rather than range-wide adaptive value, and it differs from the founder effect
speciation model in that it does not involve stochastic transitions that are large enough
to cause reproductive isolation. The model proposed assumes that local populations
experience a high rate of extinction and that n e w populations tend to be founded by only
a small number of individuals. If this is correct, then it is proposed that over time, and
probably after m a n y unsuccessful founder events, local populations are eventually
colonised by individuals that arrive by chance at a genotype that is highly locally
adaptive. If this model applies to B. hanleyi then it is possible that m a n y local
populations currently occupy a higher locally adaptive peak than that which could have
been attained via normalising selection in isolated local populations with consistently
large Ne. This model m a y provide a better explanation for the association between
philopatry and localised adaptation than traditional models that rely only on selection
and isolation, but not founder induced drift.
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